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EPIGRAPH

Hallelujah!

For the Lord God Omnipotent reigneth.

The kingdom of this world

Is become the kingdom of our Lord,

And of His Christ, 

And He shall reign for ever and ever,

King of kings! and Lord of lords!

Hallelujah!

 George Frideric Handel “Hallelujah Chorus” from Messiah

citing Revelation 19:6, 16; 11:15
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ABSTRACT OF THE DISSERTATION

A Role for Motor Neurons in the Development and Function of the 
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Professor Samuel L. Pfaff, Chair

 Locomotion is a ubiquitous behavior demonstrated by the majority, if not 

all animals. However, the methods by which various animals propel their 

bodies through water or air, or traverse the land are widely divergent. A 

common element of locomotion is  the motor neuron, the final step of the 

nervous system that connects  to and activates the necessary muscles to 

achieve locomotion. Motor neuron activity is coordinated both by descending 

input from the brain and by local interneuron circuitry. The neuronal circuits

xv



that govern locomotion are known as central pattern generators, and the roles 

of the various classes of interneurons during locomotion are known. Motor 

neurons are the output cell of these neuronal circuits, but additional roles for 

motor neurons in the development and function of locomotor circuitry have not 

been explored in great detail. Based on the genetic programs governing motor 

neuron differentiation and their central role in transmitting interneuron control 

into muscle activation and limb movement, we hypothesized an active role for 

motor neurons in specifying and training locomotor circuitry during 

development. To test this  hypothesis, we studied locomotion patterns  in mouse 

mutants with changes in motor neuron transcription factor or axon guidance 

molecule expression. In addition, we developed computational analysis 

methods to quantify subtle differences in motor output from wild-type and 

mutant spinal cords. The results delineate a novel role for motor neurons in 

the development and function of the circuitry governing locomotion and 

suggest novel principles regarding circuit formation and neuronal diversity in 

the central nervous system.
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Chapter 1

Introduction
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An Analogy

 To understand something as  complex as the performance of a 

symphony or choir, one could take a variety of approaches. First, there is  the 

conductor. From the conductor, one could determine the start, the end, and the 

speed of the piece. A second option would be to examine the musical score. 

The score relates many bits of information from the simple meter of the music, 

to the melodies, harmonies, and increasingly complex relationships between 

the various parts. Third, one could observe the musicians as they perform. 

This  would show how many of the performers are active or passive at any 

given time, how intense or relaxed each performer is, and when all act in 

concert or separately. Finally, and perhaps most enjoyably, one could simply 

listen to the overall performance. This  would give the most comprehensive 

picture of how all of the components—conductor, score, and performers and 

instruments fit together to produce a single piece of music. While not providing 

the minute details  that may be learned from other modes of examination, a 

comprehensive listening still includes them all.

 The neural circuitry governing locomotion, which is located in the spinal 

cord, is not terribly different from a musical performance. Descending control 

from the brain acts as a conductor, turning the locomotor circuit on, dictating 

its speed, and shutting it off. The intrinsic components of the circuitry, 

interneurons, are wired together much like a musical score—each detailing a 

distinct role of activation or inhibition in various locations throughout the whole. 
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This  circuit, however has a discernible output, similar to how the musicians 

translate the direction of the conductor and detail of the score into music. The 

output of the locomotor circuit is the motor neuron, a diverse neuron type 

organized to innervate and activate the numerous muscles throughout the 

body. Finally, there is the music itself, which, like locomotion or movement, is a 

comprehensive expression of all the underlying components as a single, fluid 

whole.

 The research described here aims  to investigate particular components 

of the neural circuitry governing locomotion. Keeping with the music analogy, 

much of the previous research done on this  system has been devoted to the 

interneurons, or score. By necessity, such research has had to reduce the 

system to its  individual parts, represented in the spinal cord as genetically 

defined classes of interneurons. The goal of this study, however, is to examine 

another component, the motor neurons or performers. By combining careful 

study and manipulation of motor neurons with novel methods to 

comprehensively analyze the function of the entire system, a clearer picture of 

the development and function of all the parts of the system will be attained. 

While not producing an exact wiring diagram, or score, of the neuronal 

connections comprising this circuit, this research will contribute to an 

appreciation of its  overall function, or musical performance, with novel 

conclusions related to what is perhaps the central component of such a 

system, the motor neuron.
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Locomotor Circuitry

 Locomotion is  a ubiquitous behavior shared by animals in countless 

environments. The coordination of muscles to propel an animal through its 

surroundings must necessarily be well adapted both to produce regular activity 

and be able to account for unexpected changes along the animal’s path. 

Therefore, locomotion is at the same time an incredibly simple yet complex 

behavior. An aquatic organism, such as a lamprey, swimming calmly through a 

tranquil pool exemplifies the simplicity of locomotion. On the other hand, a 

mountain goat bounding up cliffs that few humans would attempt to climb 

demonstrates the complexity and adaptability of this behavior. As a question 

for neuroscience and anatomy, this duality of locomotor behavior represents a 

rich resource for study.

 One of the earliest questions surrounding locomotion was related to the 

source of its  production. At the turn of the 20th century, researchers such as 

Sherrington, Philippson, and Brown debated the source of the regular output, 

or as they termed it, “progression,” displayed by a moving animal. While 

Sherrington and Philippson argued for peripheral input and reflexes as the 

primary drivers of locomotor behavior, it was a simple, yet brilliant experiment 

by Brown that first demonstrated the intrinsic nature of the spinal circuitry 

governing locomotion (Brown, 1911). By removing all peripheral sensory 

feedback to the spinal cord and paralyzing all but two hindlimb muscles, 

Brown demonstrated that with appropriate stimulation, rhythmic, alternating 
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activity could be elicited in the remaining innervated limb muscles. As sensory 

stimuli and reflexes were removed in this experiment, a strong argument was 

made for the existence of something intrinsic to the spinal cord as the cause of 

locomotor behavior. Furthermore, the previously assumed central roles of 

reflexes and responses to peripheral stimuli were now relegated to modulators 

rather than drivers  of locomotion. This work by Brown thus addressed the 

fundamental dichotomy of locomotion—regular output with incredible 

adaptability. As a result of this experiment, Brown assigned the role of reflexes 

to that of “regulative” and argued for the “causative” role of the spinal cord. 

From this, the idea of a locomotor central pattern generator (CPG), contained 

within the lumbar spinal cord, was born.

 Studies of rhythmic neural circuitry since 1911 have included multiple 

behaviors localized to many areas of the nervous system. Breathing, chewing, 

swallowing, and scratching are all examples of rhythmic behaviors produced 

by coordinated neural circuits  (Grillner, 2003). But how are these easily 

observed behaviors linked to specific areas and even cells in the nervous 

system? Regarding locomotion, a critical development was the introduction of 

the isolated spinal cord preparation (Cohen and Wallén, 1980). By removing a 

lamprey spinal cord and maintaining it in Ringer solution, the authors were 

able to elicit “fictive locomotion,” regularly occurring, coordinated motor bursts 

from ventral nerves all along the length of the cord. The reduction of this 

complex system from the entire organism to the spinal cord was a major 
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advance that effectively removed sensory feedback, limb movement, and 

other confounding components. This preparation allowed researchers to better 

study the neural circuitry intrinsic to the spinal cord that produces locomotion. 

In addition, this locomotor pattern could be linked to actual swimming 

behavior. The majority of research done on the locomotor CPG from this time 

onwards has utilized this preparation in various ways. Some studies have 

augmented the whole nerve ventral root suction electrode recordings with 

single cell recordings of various neuron types within the spinal cord. Thus a 

preliminary picture of the function of the circuitry intrinsic to the spinal cord, 

absent the modulation of sensory feedback and descending control has been 

formed. Yet this  preparation still consists of an entire spinal cord, each half 

segment of which can produce some semblance of rhythmic output. A critical 

question at this point in locomotor research was which regions of the spinal 

cord were responsible for locomotion and which were accessory. A further 

reduction of the system was therefore necessary.

 An important caveat of the lamprey as a model vertebrate system of 

locomotion is the lack of limbs. Lampreys  display a mode of locomotor 

behavior characterized by left-right phasic alternation and a brief 

intersegmental phase lag to produce in the organism’s  body axis a sinusoidal 

wave propelling it through the water (Cohen and Wallén, 1980; Grillner, 2003; 

Grillner, 2006). Accordingly, unraveling the various  functions of coordinating 

neurons to produce locomotion in the lamprey is arguably simpler than with 
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limbed vertebrates. The additional complexity added in a limbed organism, 

however, does not produce a significantly more complex motor pattern. 

Segments of a limbed organism’s spinal cord that do not overlap with limbs 

have an organization resembling that of the lamprey (Figure 1.1 - Thoracic, 

MMC). At limb levels, however, additional muscle-innervating motor neurons 

are present, which project axons to the limbs (Figure 1.1 - Lumbar, LMC). The 

coordination of this additional motor group differs  from the intersegmental 

phase lag found in the lamprey, instead demonstrating flexor-extensor 

alternation, seen in the mouse as motor bursts from upper lumbar segments 

(L1-L3) alternating with those from lower lumbar segments (L4-L6; Figure 1.1 

and Chapter 5). How such a change in motor neuron organization with likely 

underlying changes in interneuron connectivity produces the shift in segmental 

coordination from non-limbed to limbed organisms is unknown. Perhaps with 

addition of limbs and a second motor column, new groups of interneurons 

develop and connect in such a way as to coordinate the extra components 

appropriately. Alternatively, already present interneurons may adapt to 

recognize and innervate the different contingent of motor neurons at lumbar 

levels  at the expense of axial control. Some evidence suggests that a remnant 

of the non-limbed organism’s axis-controlling CPG still functions in the limbed 

organism (Falgairolle and Cazalets, 2007), and several organisms exemplify 

both types  of motor programs. The frog initially produces non-limbed 

locomotor patterns, but switched to flexor-extensor alternation of limb muscles 
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after metamorphosis (Combes et al., 2004). The salamander produces a 

modified walking pattern on land, and changes to sinusoidal swimming when 

in water (Ijspeert et al., 2007).

 The work which initially described the precise regions of the spinal cord 

required for locomotion, done in an isolated mouse spinal cord preparation, 

was a tremendous advance in the study of locomotion (Kjaerulff and Kiehn, 

1996). The authors located the rhythmogenic regions of the lumbar spinal cord 

by applying a rigorous statistical method to data detailing the phasic 

relationships between the two halves of the cord, and then by lesioning the 

spinal cord in various ways until this phasic relationship dropped below 

significant rhythmicity. By so doing, the authors found that the entire dorsal 

half of the spinal cord was  unnecessary for production of rhythmic locomotor 

activity. Furthermore, they determined that unlike the lamprey, which displays 

approximately equal rhythmogenic potential at every level of the cord (Cohen 

and Wallén, 1980), the limb-coordinating regions of the lumbar mouse spinal 

cord showed the strongest drive at upper lumbar levels, and that this drive 

decreased caudally (Figure 1.1). Motor neurons are located in the ventral half 

of the spinal cord (Shirasaki and Pfaff, 2002), as are several classes of 

interneurons. The fact that the locomotor CPG governing hindlimb movements 

is  found in the ventral half of the lumbar spinal cord is in excellent agreement 

with what is known about the genetic programs regulating neuronal 

development in the prenatal mouse spinal cord.

8



 The advance of locomotor research from the groundbreaking work by 

Brown in 1911 to the locating of the CPG circuitry in the ventral half of the 

lumbar spinal cord in 1996 necessitated the reduction of the system first to the 

isolated spinal cord preparation, and then to the minimal segments  required 

for production of locomotion. Research continued from this  point along several 

9

Figure 1.1: Location of locomotor circuitry. The ventral half of the lumbar 
spinal cord demonstrates decreasing rhythmogenic  potential from upper to 
lower levels and contains the output neurons of the CPG, motor neurons 
(green), which project axons through ventral roots and are organized into two 
columns, distinguished by expression of the transcription factor, Lhx3.



lines: assessing the roles of various neurotransmitters in eliciting and 

modulating locomotion, exploring multiple stimulation protocols to activate the 

locomotor circuitry, and determining the projection patterns and function of 

interneurons during locomotion. These studies confirmed and added detail to 

Brown’s original proposition—that there was circuitry intrinsic to the spinal cord 

producing rhythmic motor bursts. Regarding neurotransmitters, those with 

excitatory function activate and maintain locomotor activity and inhibitory 

neurotransmitters terminate bursting and modulate its regularity. Specifically, 

excitatory neurotransmitters glutamate and serotonin (5-HT) activate the 

rhythmic circuitry (Grillner, 2003; Liu et al., 2005). Inhibitory GABA is involved 

in burst onset and termination, and therefore plays a major role in the 

contralateral inhibition necessary to produce left-right alternation; glycine, also 

inhibitory, plays a role in stabilizing the alternating locomotor rhythm (Hinckley 

et al., 2005a). Dopamine, which is occasionally used along with NMDA and 

5-HT to induce fictive locomotion, has both short and long term effects in 

regulating the locomotor rhythm and increases burst amplitude (Barrière et al., 

2004). It was also found that the locomotor circuitry could be activated via 

means other than neurotransmitter application. Alternative means of inducing 

locomotion include electrical stimuli either at the brainstem, dorsal roots, or 

cauda equina (Whelan et al., 2000; Gordon and Whelan, 2008). Additionally, 

advances in understanding the projections and roles of interneurons were 

made. Contralaterally projecting interneurons were found to send axons 
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rostrally, caudally, or even both (Eide et al., 1999; Stokke et al., 2002). Single-

cell recordings from multi-segment projection interneurons began to detail their 

activity patterns  during induced locomotion, but did not determine whether or not 

these interneurons were causing locomotion or merely receiving the rhythmic 

drive from another class of cells (Butt et al., 2002; Butt and Kiehn, 2003).

 With these new findings, a series of hypotheses were formed regarding 

the organization of the locomotor circuitry. Based on the work done in lamprey, 

Grillner and colleagues proposed a cross-inhibitory half-center bursting model 

(Grillner et al., 1998). Others, observing interesting “deletions,” or missed bursts 

in regular motor activity, suggested an alternative two-layer CPG model, 

comprised of rhythm-generating and pattern-forming layers (Lafreniere-Roula 

and McCrea, 2005). Attempts have also been made to reconcile these two 

hypotheses and develop corresponding models of locomotor CPG circuit 

function (Rybak et al., 2006; McCrea and Rybak, 2008). An underlying 

assumption of much of this work is  that there exists  a rhythmogenic center of the 

locomotor CPG, a group of interneurons receiving descending input and 

activating the rest of the circuit (Grillner and Jessell, 2009). An interesting class 

of interneurons expressing the transcription factor, Hb9, that also marks motor 

neurons, was a candidate to fill this role, but were discounted by later research 

showing that these neurons were activated a cycle or two after initiation of 

locomotion (Hinckley et al., 2005b; Hinckley and Ziskind-Conhaim, 2006; Kwan 

et al., 2009). Despite a wealth of information supporting Brown’s original 
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proposition, the exact wiring of the locomotor CPG and the principles by which 

it is activated and maintains its  function during locomotion remained unclear. A 

better foothold into the complex interconnectedness  of this neural circuit was 

needed. Fortunately, as many of these locomotion studies were being 

conducted, the developmental genetic programs governing the motor neurons 

and interneurons comprising the CPG were also being discovered.

Spinal Cord Development

 The complexity of the circuitry controlling locomotion has its source in 

the genetic programs that are activated during embryonic development. The 

first factor generating the diverse group of ventral neuron types is the ventral-

high, dorsal-low gradient established by Sonic hedgehog (Shh) expression 

from the floor plate and notochord (Briscoe et al., 2000). The decreasing 

concentration of Shh along the dorsoventral axis of the spinal cord facilitates 

expression of class II transcription factors and represses expression of class I 

transcription factors (Jessell, 2000; Shirasaki and Pfaff, 2002). The responses 

of these two classes of proteins to Shh create boundaries along the 

dorsoventral axis of the spinal cord, which are further sharpened by the 

opposing effects of class I and II transcription factors on each other (Figure 

1.2). Within these boundaries, ventral neuron progenitors arise in five broad 

domains dorsoventrally—p0, p1, p2, pMN, and p3—and terminally differentiate 

to form the five main types of neurons comprising the locomotor CPG in the 

ventral half of the cord—V0, V1, V2, and V3 interneurons and motor neurons. 
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Each of these classes of ventral neurons further express defining postmitotic 

transcription factors, utilize particular neurotransmitters, and project axons in 

stereotypical patterns (Goulding and Pfaff, 2005). V0 interneurons, from p0 

progenitors defined by Dbx1 expression, are marked postmitotically by Evx1, 

primarily extend commissural axons, and utilize both inhibitory and excitatory 

neurotransmitters (Pierani et al., 2001; Moran-Rivard et al., 2001). V1 

interneurons, located in the adjacent ventral region of the developing cord, 

turn on En1 and project ipsilaterally. Also ipsilaterally-projecting, V2 

interneurons differentiate from a common p2 progenitor into into two classes, 

V2a and V2b, distinguished by excitatory or inhibitory neurotransmitter 

expression (Del Barrio et al., 2007). V2a interneurons are glutamatergic and 

are marked by Chx10; V2b are GABAergic and are marked by GATA2/3 (Joshi 

et al., 2009). The ventral-most class of interneurons, V3, are commissural, 

express Sim1, and are glutamatergic (Sun et al., 2001). There are additional 

subdivisions of these interneuron classes, both known and unknown. For 

example, V0 interneurons express several neurotransmitters, including 

glutamate, GABA, glycine, and acetylcholine (Zagoraiou et al., 2009; Kiehn et 

al., 2010). While the development of these various interneuron types  along the 

dorsoventral axis of the spinal cord is well characterized, rostrocaudal 

differences are not currently known. Motor neurons derived from the 

progenitor class located between p2 and p3, on the other hand, display an 

amazing breadth of rostrocaudal developmental regulation (Figure 1.2). 
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Motor neurons are instructed by the same Shh gradient as  the interneuron 

subtypes, differentiating in a domain defined by Olig2/Irx3 and Pax6/Nkx2.2 

interactions (Shirasaki and Pfaff, 2002). Postmitotically, motor  neurons express 

the transcription factor Hb9 (Thaler et al., 1999). Motor neurons also segregate 

laterally into two distinct columns—the medial and lateral motor columns (Figure 

1.1 - MMC and LMC). These two columns are distinguished by the expression 

of a transcription factor, Lhx3, which marks progenitors, and is maintained in the 

medial column but turned off in the lateral (Sharma et al., 2000). The medial 
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Figure 1.2: Developmental programs in the spinal cord. Shh and FGF 
gradients establish domains for developing interneuron and motor neuron 
classes.



motor column is relatively homogeneous, similar to the single column of motor 

neurons in a non-limbed organism such as the lamprey, and innervates axial 

musculature. The medial motor column runs the length of the rostrocaudal axis 

and is  joined by the hypaxial and preganglionic motor columns at thoracic 

levels  (Dasen et al., 2008). The lateral motor column is added to the medial 

column at cervical and lumbar limb levels and innervates the limb 

musculature. The lateral motor column can be further subdivided into medial 

and lateral subgroups, which innervate the ventral and dorsal halves of the 

limb, respectively (Jessell, 2000). Further rostrocaudal diversification is 

instructed by the Hox transcription factor code, which causes motor neurons to 

segregate into pools which innervate specific limb muscles. Amazingly, the 

activity of the Hox code in motor neurons is gated by a single transcription 

factor, FoxP1, which in turn is regulated by Lhx3 (Dasen et al., 2008). This 

regulatory program explains the homogeneity of the Lhx3-positive medial 

motor column neurons and the diversity in lateral motor column and coincides 

with the additional requirements for motor neuron complexity to control the 

various muscles of the limb.

 Taking into account the original suggestion of an intrinsic locomotion-

producing circuit located in the ventral half of the lumbar spinal cord, the 

neurotransmitters and axonal projections  of the various neuron types, and the 

developmental progression of these neurons, a clearer picture of locomotor 

circuitry emerges. The ability to coordinate multiple muscles in the complex 
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limb versus homogeneous muscles  along the body axis is reflected in motor 

neuron subtypes at various levels of the spinal cord. Whether or not the 

individual interneuron subtypes exhibit similar diversity as motor neurons 

remains to be seen. By combining these developmental principles with the 

standard isolated spinal cord experiments, much has  been learned about the 

roles various interneuron play during locomotion (Figure 1.3a-b).

Genetic Manipulation of CPG Components

 The ability to manipulate the various components of the locomotor CPG 

based on their developmental genetic programs has  been a breakthrough on 

par with Brown’s original experiments. By targeting specific interneuron 

classes for ablation, researchers have been able to systematically remove 

components of the CPG, much the same as Kjaerulff and Kiehn removed 

entire segments of the spinal cord to find the rhythm-generating regions. The 

advantage of the genetic approach is that the rest of the circuitry remains 

intact as it is not affected by the manipulation of genes, usually transcription 

factors, only expressed in the targeted component.

 One of the first examples  of the specific targeting of an interneuron 

class involved the V0 interneurons (Lanuza et al., 2004). Lanuza et al. used 

mutant mice in which either the p0-specific transcription factor Dbx1 or the 

postmitotic V0-specific transcription factor Evx1 were replaced by LacZ and 

taumyc, respectively. V0 interneurons normally divide into two subclasses, V0D 

(Evx1-) and V0V (Evx1+; Pierani et al., 2001). Therefore, the Dbx1 null mouse 
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exhibited the loss of the entire V0 class of interneurons, and the Evx1 null 

mouse only lost the V0V class. As V0 interneurons are primarily commissural 

inhibitory interneurons, their complete ablation caused a randomization of the 

regular left-right alternating phase relationship during induced locomotion. The 

removal of only the ventral class, however, had no effect on locomotor output. 

Neither mutant showed any defect in ipsilateral flexor-extensor alternation. 

Although it had previously been assumed that inhibitory, commissural 

interneurons were responsible for burst termination and therefore regulated 

left-right alternation during locomotion (Stokke et al., 2002; Butt and Kiehn, 

2003), this function could now be assigned to a genetically-identifiable class of 

interneurons. The unraveling of the locomotor CPG circuitry had begun.

 The V0 study was closely followed by similar experiments on V1 

interneurons (Gosgnach et al., 2006). One concern with the initial genetic 

removal of an interneuron class was the possibility that the remaining circuitry 

might adapt to the absence of the targeted class and thereby produce output 

not directly related to the removed interneuron class. Therefore, in targeting 

V1 interneurons, the researchers modified their approach slightly. They again 

removed a progenitor-specific transcription factor, Pax6, a marker of the p1 

domain. But instead of knocking out the relevant postmitotic transcription 

factor, En1, the authors instead crossed an En1::Cre mouse line with a 

neuron-specific promotor driving diphtheria toxin expression (R26-lacZflox/DTA). 

The use of the En1 promoter avoided a reorganization of interneurons due to 
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the loss of a entire postmitotic transcription factor by instead killing the 

relevant neurons after they terminally differentiated. Both lines in this case 

produced regularly occurring, alternating motor bursts in respect to left-right 

and flexor-extensor phase. However, the locomotor cycle period was 
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Figure 1.3: Features of the locomotor CPG. a - Postmitotic markers and 
projection patters of ventral neuron types. b - Roles of the various CPG neu-
rons during locomotion. c - Approximate wiring diagram of the CPG with con-
tralateral, ipsilateral, inhibitory, and excitatory projections; V0e - excitatory, 
V0i - inhibitory, V0c - cholinergic, V1Ia - Ia inhibitory, V1R - Renshaw cells, 
Hb9 - Hb9+ interneurons. d - Open questions: RG - rhythm-generating core, 
CST - corticospinal tract descending control, DRG - dorsal  root ganglion affer-
ent feedback, R and C - rostrocaudal interneuron diversity.



drastically slowed compared to wild-type, suggesting that V1 interneurons are 

involved in maintaining the rate of locomotion. One additional experiment to 

further address the concern of adaptability in the locomotor circuitry was to 

express in V1 interneurons the allatostatin receptor, an invertebrate receptor 

which couples to and activates GIRK channels, effectively silencing the 

neurons in which it is expressed, but only upon application of the ligand. 

Application of allatostatin to spinal cords  from these mice had similar effects 

as both V1-ablated mouse lines, confirming the proposed role for V1 function 

during locomotion.

 The function of V2 interneurons was the next to be addressed with the 

methodology that successfully discovered the roles of V0 and V1 interneurons. 

Researchers focused on the V2a subgroup, using the same diphtheria toxin-

based ablation method, under control of the promotor of the postmitotic 

transcription factor, Chx10 (Crone et al., 2008). Despite being ipsilaterally 

projecting, V2a interneurons were shown to affect left-right coordination 

through connections  onto commissural interneurons. In addition, V2a-deficient 

spinal cords were unable to produce induced locomotion through brainstem 

and afferent stimulation, suggesting a potential role in transmitting descending 

locomotion-activating commands or peripheral reflex-related inputs. Since 

rhythmic output is not lost in the absence of V2a interneurons, it is  unlikely that 

V2a interneurons are the rhythm-generating cells of the locomotor CPG. 

However, the authors of this study surmised that V2a interneurons feed 
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directly onto the purported rhythmogenic core. V2a interneurons were also 

found to have additional roles  in locomotion in adult mice (Crone et al., 2009). 

While many vertebrates produce different modes of locomotion, that is 

alternation at lower trotting speeds and hindlimb synchrony at faster galloping 

speeds, mice display only one mode—alternation—at all speeds (Herbin et al., 

2007). Chx10-DTA mice lacking V2a interneurons, however, produce hopping 

or galloping locomotion at higher speeds on a treadmill. This  change in 

behavior is also present at neonatal ages, manifested in both drug-induced 

fictive locomotion and with sacral electrical stimulation. Therefore, V2a 

interneurons have a role in both left-right coordination and in the rate of the 

locomotor cycle period. The role of V2b interneurons during locomotion is 

currently unknown.

 The final class  of ventral interneurons, V3, was ablated or silenced 

using similar methods as the other interneuron studies (Zhang et al., 2008). 

Instead of killing V3 interneurons with diphtheria toxin, the authors  blocked 

their ability to transmit action potentials with the tetanus toxin light chain 

subunit and silenced them with the allatostatin receptor. In both cases, the 

locomotor pattern was harder to induce and sporadic, losing the regularity 

characteristic of wild-type fictive locomotion. This irregular locomotor cycle 

period was  consistent into adulthood. Despite being commissural 

interneurons, ablation of V3 interneuron activity during locomotion had no 

effect on left-right alternation. 
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 Aside from V2b interneurons, the roles of every other class of ventral 

interneurons is  known. Based on this knowledge, multiple circuit diagrams 

have been produced (Figure 1.3c; Crone et al., 2008; Grillner and Jessell, 

2009; Kiehn et al., 2010). While such summaries are useful in presenting an 

overall picture of the locomotor CPG based on examining each interneuronal 

component of the CPG separately, additional complexities prevent a precise 

understanding of the connections  producing locomotion. For example, a 

subclass of cholinergic V0 interneurons, termed V0C, are important in 

recruiting additional muscular drive during different motor tasks, such as 

swimming (Zagoraiou et al., 2009). These atypical V0 interneurons project 

ipsilaterally and likely connect to motor neurons, increasing activation of 

specific motor pools during behaviors requiring increased motor drive. These 

particular interneurons also receive afferent input, but how they interact with 

the other ventral interneuron classes is less well known. Furthermore, 

locomotor behavior is not as simple as a wiring diagram of interneurons driving 

motor bursts. There exist confounding phenomena such as presynaptic 

inhibition of sensory inputs onto motor neurons (Betley et al., 2009), motor 

neuron feedback onto a subgroup of V1 interneurons called Renshaw cells 

(Nishimaru et al., 2005; Nishimaru et al., 2006), and potential rostrocaudal 

differences in interneuron types and connectivity (Figure 1.3d).

 A mouse mutant that exemplifies  these additional complexities is  the 

EphA4 null mouse. EphA4 is a receptor tyrosine kinase involved in a variety of 

21



central nervous system processes, primarily related to regulation of 

appropriate neural patterning or axon guidance (Wilkinson 1993; Varela-

Echavarria and Guthrie, 1997). When EphA4 was genetically removed in order 

to study corticospinal tract (CST) development, it was noticed that null mice 

displayed hindlimb synchrony during locomotion (Dottori et al., 1998). The 

EphA4 null mouse therefore became an interesting model for studying 

locomotion, as several mammals normally hop during locomotion (kangaroo, 

rabbit), and others switch from alternation to synchrony at higher speeds 

(horse; Herbin et al., 2007). Analysis of isolated spinal cords confirmed the 

adult phenotype in neonatal mice (Kullander et al., 2003). Much of the work on 

EphA4 null mice has assumed ectopically crossing CST projections to be the 

cause of the hopping phenotype (Kullander et al., 2001). Abnormal local 

interneuron crossing, which increases due to a loss of EphA4-mediated 

midline repulsion, has also been implicated (Kullander et al., 2003). Excitatory 

V2a interneurons, which express EphA4 and normally project ipsilaterally, 

were hypothesized to be the class of interneurons crossing the cord to 

produce the EphA4 null hopping phenotype. However, careful examination of 

V2a projections in EphA4 null mice provided no evidence of ectopic crossing in 

this interneuron subtype. In addition, the CST reaches lumbar levels well after 

left-right synchrony is manifested in neonatal spinal cords (Bareyre et al., 2005). 

Therefore, the exact cause of EphA4 null hopping remains unknown.

 Other novel methods applied to the study of the locomotor CPG include 
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genetic manipulation of neurotransmitters, calcium imaging, and light-based 

activation of activity. Much research has been done on the developmental 

principles active in the prenatal spinal cord, and most genetic manipulations of 

CPG components take advantage of this knowledge base. However, few 

studies address the development of the locomotor circuitry itself. An exception 

is  a series  of experiments done on a mouse mutant lacking choline 

acetyltransferase (ChAT; Myers et al., 2005). Instead of targeting a specific 

cell class and then assessing how locomotion has changed without it, Myers et 

al. asked if a specific neurotransmitter—acetylcholine—was required for 

proper assembly of the locomotor CPG. This  approach is novel in that it 

explores the CPG from a developmental perspective. During development, 

spontaneous activity in the spinal cord begins at embryonic day 12.5 (E12.5) 

and is initially produced by excitatory drive from both acetylcholine and 

glycine. Between E14.5 and E15.5, the main excitatory neurotransmitter 

switches to glutamate, and glycine assumes an inhibitory role. In mice lacking 

ChAT, spontaneous activity developed a day late, and was only mediated by 

excitatory glutamate and inhibitory glycine signaling. The locomotor output of 

this  mouse at E18.5 was  also perturbed when compared to wild-type. The 

locomotor cycle period lengthened slightly and left-right coordination displayed 

a shift away from alternation, although not to synchrony as in the EphA4 null 

mouse. These phenomena could also be elicited with application of DH!E 

(cycle period) or sarcosine (left-right coordination) to wild-type cords. The 
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results from the ChAT null mouse raise intriguing questions  as to the role of 

spontaneous activity in the development of the CPG and the role of motor 

neurons (the primary cholinergic cells in the spinal cord) in establishing 

appropriate locomotor circuitry.

 Not all locomotor research has been done with traditional 

electrophysiological methods. While most studies record either motor bursts 

from whole ventral nerves or the activity of various neuron types with single-

cell recordings, several groups have explored calcium imaging (Lev-Tov and 

O’Donovan, 1995; Bonnot et al., 2002; O’Donovan et al., 2005). These studies 

examined the temporal dynamics  of motor neuron activation during locomotion 

elicited by electrical stimulation and found that motor neurons are activated in 

rostrocaudal waves. Another groundbreaking technique for probing neuronal 

circuits is  the light-activated cation channel channelrhodopsin-2 (ChR2; Zhang 

et al., 2007). Expression of ChR2 in CPG components has thus far only been 

successful in the chick, where authors were able to increase episodes of 

spontaneous activity with light stimulation (Li et al., 2005). Another study found 

that ChR2 expressed in hindbrain glutamatergic neurons was able to induce 

CPG output at lumbar levels upon light application (Hägglund et al., 2010).

 Advances in the study of the locomotor CPG have come mainly from a 

reductionist approach. The trend of experimentation has been to reduce the 

spinal cord to fewer and fewer components (Kjaerulff and Kiehn, 1996), or to 

remove components one by one and determine the effects of the overall 
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function of the circuitry (Goulding, 2009). This approach has yielded a wealth 

of information about the various neuron types, their projection patterns, and 

roles during locomotion (Figure 1.3). The majority of this research supports 

Brown’s original proposition, that something intrinsic to the lumbar spinal cord 

is able to produce locomotor output.

Outstanding Questions in Locomotor Research

 The insights gained by previous experiments do not leave the field 

without questions. From the first interneuron removal (Lanuza et al., 2004), 

there has  existed the concern that manipulating the genetic programs active 

during development could cause the cord to adapt to the loss of an 

interneuron class. The resulting locomotor pattern might then be the result of a 

rewiring of the locomotor CPG. Further interneuron studies  cleverly addressed 

this  concern (Goulding, 2009), and it is  probable that the roles assigned to the 

various interneuron classes are accurate (Figure 1.3). However, control of one 

critical feature of locomotion has not yet been assigned to an interneuron class

—the coordination of flexor-extensor alternation ipsilaterally. Whether it is a 

subtype of one of the main ventral interneuron classes, a combination of 

interneuron types, or additional factors that mediate this crucial aspect of 

locomotor output required for coherent limb movement remains to be seen. 

This  aspect of CPG function is  arguably more important than proper left-right 

coordination, since the EphA4 null mouse demonstrates that defects in left-

right activation can still result in effective locomotion. A defect in flexor-
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extensor coordination would likely leave the limb paralyzed, unable to move 

the various limb joints governed by opposing muscles. There are also several 

questions related to the isolated spinal cord preparation itself. First, as cords 

older than a few days have significantly greater difficulty surviving in vitro, 

nearly all CPG studies are conducted at ages from E18.5 to P5. These ages 

represent, however, a developmental range where neonatal mice do not 

actually walk. While these mice do crawl in order to to feed and interact with 

each other, mature, load-bearing locomotion does not occur until P8-11 (Jiang 

et al., 1999). Second, during isolated spinal cord recordings, NMDA and 5-HT 

are normally applied globally by perfusion into the recording bath. While this 

method does elicit a locomotor-like pattern, it is unlikely that this equates to 

physiological activation of the CPG. Third, while the reduction of the locomotor 

system to merely the spinal cord has  made the circuitry easier to study, key 

modulators of locomotion are not present in the isolated spinal cord 

preparation. These include descending control, sensory feedback, and other 

means of accounting for posture and surroundings (Figure 1.3d). That the 

system functions in and of itself is an amazing finding, but the overarching 

questions arise: is the function of the isolated spinal cord truly representative 

of adult locomotion? Might certain locomotor features be perturbed by 

removing important components of the motor unit or central nervous system, 

thus producing motor output similar but not identical to physiological 

locomotion? And if a difference does exist in the output of an isolated spinal 

26



cord and the complete system, how do the CST and sensory input modulate 

locomotion?

 Other long sought after goals of locomotor research include finding a 

rhythmogenic core of the CPG (Figure 1.3d; Kiehn et al., 2010). Several 

interneuron classes have been proposed to fulfill this role, but none have born 

careful scrutiny (Kwan et al., 2009). The locomotor CPG produces relatively 

normal function despite the loss of each major class  of ventral interneurons 

(Goulding, 2009). In no instance is motor activity lost altogether. These facts 

demonstrate the robustness of the locomotor circuit and suggest that it is quite 

adaptable, in that it can solve the organism’s need to move despite loss of key 

interneuron components. Should there be a definite rhythmogenic center of 

the CPG, it might be of an alternate developmental lineage than the broad 

interneuron classes targeted thus far. Alternatively, as locomotion can be 

induced through multiple means, perhaps the entire circuit develops in such a 

way that activation of any of several components in turn activates the entire 

circuit.

 Finally, while much research has supported the rhythmogenic potential 

of upper lumbar levels over lower lumbar levels, there has not been a clear 

description of differences in motor output at different levels of the spinal cord. 

Motor pools innervating the different muscles of the limb organize themselves 

rostrocaudally, based on sensitivity to the Hox code, as gated by FoxP1 

(Dasen et al., 2008). Whether or not similar diversity in interneuron subtypes 
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or function exists along the rostrocaudal axis in order to coordinate the diverse 

motor pools appropriately remains to be seen (Figure 1.3d).

Novel Directions for Studying Locomotion

 Answering these questions  will require novel ways to study the 

locomotor CPG. In order to understand how other components of the motor 

unit modulate locomotion, the reduced spinal cord preparation is insufficient. 

While studying locomotor function in the entire system is difficult, enhanced 

imaging methods such as 2-photon calcium imaging may allow researchers to 

observe active spinal cords  with greater resolution and in more complete 

systems. Furthermore, advanced methods of labeling neurons  and synapses 

are being developed and may be useful in producing a more accurate wiring 

diagram (Wickersham et al., 2007; Livet et al., 2007). Alternatively, a more 

careful analysis of the output of the isolated spinal cord under various 

conditions may provide a starting point for comparing the different types of 

motor output it is  capable of, with and without the surrounding tissues. In sum, 

despite the immense benefit of reducing the spinal motor circuit to its key 

components, in order to move forward in understanding the wiring and function 

of the entire circuit, a broader, systems approach will be necessary.

 Another fruitful approach to understanding the locomotor CPG is 

assessing its developmental time course. From the birth of the first ventral 

neurons at E10.5 to the onset of mature locomotion at P10, the spinal cord 

undergoes tremendous change. There are several key points of transition 
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along this time course. The onset of spontaneous activity at E12.5 is both a 

critical step in the proper development of the CPG, and demonstrates that 

initial connections have been made between neurons (Myers et al., 2005). 

Perturbation of this early neuronal activity has also been shown to affect axon 

guidance to the periphery and may have additional effects  inside the spinal 

cord (Hanson and Landmesser, 2004). Birth is  another critical time point as 

animals at this point need to coordinate their limbs in a basic way to crawl ex 

utero. One can imagine that such a flood of novel experiences, including larger 

ranges of motion and less  resistance to limb movement, have some effects  on 

spinal circuitry through modulatory effects of sensory input. After several days 

of relatively uncoordinated movement (although isolated spinal cords produce 

perfectly coherent activity at these ages), CST innervation of lumbar levels 

connects lumbar motor circuits  to descending control and mature, load-bearing 

locomotion begins. Probing the locomotor circuitry at the various key time 

points, while simultaneously manipulating the genetic regulation of 

development may provide additional insights into how the CPG circuitry initially 

establishes itself.

 One class of ventral neurons that has been somewhat overlooked in the 

multiple studies targeting interneurons is the motor neuron. Commonly 

assumed to be merely the output of the locomotor CPG, motor neurons are 

normally considered only to establish the presence or absence of synapses 

from interneurons on their soma or dendrites. However, several lines of 
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research suggest that motor neurons may play a more significant role in the 

development and function of the CPG. The first is  simply the anatomical 

difference between limbed and non-limbed organisms, which is  reflected in 

motor neuron organization (Figure 1.1; Grillner and Jessell, 2009; Chapter 3). 

A rather homogeneous class of motor neurons exists  in a single column on 

either side of the spinal cord in an organism such as a lamprey. With the 

inclusion of limbs, however, a second motor column develops and diversifies 

into multiple pools, each innervating a specific muscle in the limb. Therefore 

the diversity to coordinate complex limb movements in a limbed organism 

exists  in the motor neurons themselves. Similar rostrocaudal diversity in 

interneurons has not yet been shown. Second, motor neurons do not merely 

project to muscle, but also feedback into the spinal cord, forming synapses 

with a subgroup of V1 interneurons called Renshaw cells  (Nishimaru et al., 

2006). While the dynamics  of this  motor-interneuron connection have been 

studied, its  functional significance during locomotion is unclear. Third and 

perhaps the most simple observation regarding additional roles of motor 

neurons in locomotion is  that proprioceptive feedback regarding limb position, 

rate of movement, and force required is completely dependent on motor input 

into the limb musculature. The interneuron circuitry within the spinal cord may 

properly coordinate limb movements required for locomotion, yet it needs 

motor neurons not only to activate the muscles, but also to dictate what 

information returns to the spinal cord to modulate CPG output.
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 The research described here is  based on two main goals. First is  the 

development of enhanced analysis methods in order to better define locomotor 

activity. While the basic pattern of the locomotor CPG has been assessed in a 

great number of studies and contexts, most research relies  on simplifying and  

summarizing the dynamics of motor output. We have explored two important 

measures of locomotion that are overlooked by such methods. Temporal 

changes in motor output are difficult to quantify by simply plotting bursts to 

summarize cycle period. We therefore used a continuous wavelet transform to 

measure changes in motor output over time (Mor and Lev-Tov, 2007; 

Chapter 2). Furthermore, the most basic unit of CPG activity, the motor burst, 

is  often reduced to a binary phenomenon—on or off. We therefore developed 

an application of principal component analysis to measure motor burst 

dynamics as a more stringent way of quantifying subtle differences in motor 

output (Chapter 3). While much research has been done at the spinal cord 

circuitry level, and others have studied gait, muscle activation, and metrics 

related to actual locomotion, we attempt here to gain additional insight into the 

precise activation of spinal circuitry by applying enhanced analysis methods to 

isolated spinal cord recordings.

 The second goal is  to define a role for motor neurons in the 

development and function of the locomotor CPG. Much of what is known about 

locomotion is the result of focusing primarily on interneurons. While motor 

neurons are clearly the output of the CPG, the existence of an active, rather 
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than passive role for motor neurons has not been sufficiently explored. We 

therefore assessed locomotor function in a mutant mouse with gross axon 

guidance defects (Chapter 4). This study explored both the roles of axon 

guidance receptors EphA3 and EphA4 in sensory-motor nerve segregation 

and the functional ramifications of misprojecting motor axons. We next 

targeted motor neurons for genetic manipulation to assess what the 

differences in locomotor output might be (Chapter 5). Ablating motor neurons 

entirely might remove any possibility of recording activity from an isolated 

spinal cord. Therefore, we instead took advantage of the distinction between 

medial and lateral motor column neurons, forcing expression of the motor 

progenitor and medical-specific transcription factor, Lhx3, in all motor neurons. 

We hypothesized that the development of appropriate motor neuron subtypes 

would be required for proper CPG function. The final study described here 

involves the EphA4 null mouse and characteristic hopping phenotype (Chapter 

6). As this  mouse is an example of abnormal CPG development that still 

produces functional locomotion in the adult, and as it is  an outstanding 

question as to what is the exact cause of this phenotype, we sought to define 

the exact time course of the development of the hopping phenotype. In 

addition, we applied the enhanced analysis methods described in the first goal 

to these studies in order to quantify subtle differences in motor output resulting 

from the various manipulations of motor neuron properties. 

 In conclusion, much is  to be gained by exploring novel methods of 
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investigating the locomotor CPG. In particular, considering the system as 

whole and the function of each primary component, including motor neurons, 

will provide a clearer view of the neural circuitry that controls locomotion.
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Defining Rhythmic Locomotor Burst Patterns Using a 
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O., Pfaff, S. L., and Alaynick, W. A. (2010). Defining rhythmic locomotor burst 

patterns using a continuous wavelet transform. Annals of the New York 

Academy of Sciences  1198, 133-9. The dissertation author was the primary 

investigator and author of this paper.
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Chapter 3

Defining Motor Burst Dynamics in 

Intact and Lesioned Spinal Cords
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Abstract

 Recent improvements in the analysis methodology of locomotor activity 

data from isolated spinal cord recordings  have allowed for a better description 

of the long term temporal changes in motor output. An understanding of motor 

burst dynamics, that is, the activity produced within each motor burst is less 

clear. Typically, motor bursts  are pre-processed in order to quantify locomotor 

output, and intra-burst activity is  lost through filtering, rectifying, and 

smoothing. We demonstrate here a new method of assessing motor burst 

dynamics, principal component analysis (PCA). Using raw ventral root 

recordings where motor bursts were identified through a continuous wavelet 

transform (CWT), we aligned thousands of motor bursts from intact and 

lesioned spinal cords. Various applications of PCA were then used to 

determine what features  of these bursts are important, including covariance 

matrix subtraction, thresholding to determine the number of contributing 

eigenvalues, and noise modeling of raw data. To demonstrate the utility of 

PCA as an analysis  method for ventral root recordings, we compare data from 

whole cord and split cord preparations, finding both segmental differences in 

motor output and effects from lesions corresponding to their completeness. 

PCA effectively produces a comprehensive picture of motor burst dynamics 

and is a valuable analysis method, especially where a finer distinctions 

between two types of motor activity need to be made.
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Introduction

 Complex neural systems require the use of robust analysis methods to 

unravel the intricacies of their function. Accordingly, the study of the spinal 

circuitry governing locomotion was greatly enhanced by the application of 

circular statistical methods to determine whether or not a lesioned spinal cord 

was producing rhythmic activity (Kjaerulff and Kiehn, 1996). By cutting away 

large parts of the spinal cord, particularly the dorsal half, and assessing the 

strength of rhythmicity in the resulting output, Kjaerulff and Kiehn were able to 

locate the regions of the spinal cord that are necessary and sufficient to 

produce locomotor output—the ventral half of the lumbar levels. This seminal 

study, and the analysis methodology used in it have governed research on the 

locomotor central pattern generator (CPG) since its publication. On the 

experimental side, by combining a knowledge of the transcriptional programs 

for neuron differentiation with this study’s  methods and conclusions, much has 

been learned about the roles of various interneuron subtypes  during 

locomotion (Goulding, 2009). However, despite significant advances in the 

techniques used to manipulate the spinal cord to study locomotor circuitry, 

very little has changed in the analysis  of motor output since the work by 

Kjaerulff and Kiehn. 

 The analysis methods used in much of the work on the locomotor CPG 

are proficient to give a summary of the dynamics of motor output, but fall short 

in assessing temporal changes in output and intra-burst dynamics. The reason 
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for this  is that these analysis methods are designed in part to address the low 

frequency noise inherent in ventral root recordings (Figure 3.1a). To 

summarize briefly, as described in the work by Kjaerulff and Kiehn (1996), raw 

electrophysiological recordings are bandpass filtered during acquisition to 

remove low frequency information, both noise and signal (Figure 3.1a - top to 

middle trace). A short segment of the resulting data set (approximately 30 

seconds or 10 cycles) is  then rectified and smoothed, effectively integrating 

the high frequency information—combinations of motor neuron action 

potentials—and transforming it back into a low frequency signal (Figure 3.1a - 

middle to bottom trace). From these processed data, the primary measures of 

cycle period (burst to burst interval) and phase (comparison of burst onset 

from one trace to that of another, where the onset of the second burst is 

normalized to a value between 0 and 1 in relation to the first burst’s  cycle 

period; Figure 3.1b) are quantified. These measures  can then be compared 

between control and experimental conditions, whether these be lesions 

(Whelan et al., 2000; Falgairolle and Cazalets, 2007), pharmacological 

treatments (Hinckley et al., 2005), or mouse mutants (Myers et al., 2005). So 

effective are these simple measures, they have been used in the majority of 

locomotor studies since first described.

 Despite the utility of these simple analysis methods, several 

researchers have proposed novel ways of quantifying the locomotor output. 

These include auto-correlation analysis  and power spectral density to describe 
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the rhythmicity of the motor signal (Hinckley et al., 2005; Zhang et al., 2008). 

These methods, while giving an additional measure of motor output beyond 

cycle period and phase, are dependent on the region and length of data 
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Figure 3.1: Methods of recording and analyzing CPG data. a - Isolated 
spinal cord recordings, raw (top), filtered (middle), and smoothed (bottom) 
data; bar equals 5 seconds. b - Summary statistics for period and phase; Rt - 
right lumbar level 2 (rL2) time point; Lt - left lumbar level 2 (lL2) time point; 
cycle period is mean ± SEM; " is phase or direction of the vector, R is R-
value or the length of the vector. c - Continuous wavelet transform of raw 
data, bar equals 100 seconds.



selected for analysis, and on the typical pre-processing of raw data 

(Chapter 2). Since the commonly used analysis methods are unable to 

quantify temporal changes in motor output, methods of time-frequency 

analysis have also been explored (Mor and Lev-Tov, 2007). The most effective 

method found by Mor and Lev-Tov was the continuous wavelet transform 

(CWT), which clearly represents the dominant frequencies in the signal in 

relation to time. Still, Mor and Lev-Tov continued to use the standard pre-

processing methods before applying the CWT to their data, even though the 

CWT is  just as effective on unprocessed data (Figure 3.1c). Additionally, none 

of these methods  are able to quantify intra-burst dynamics, that is, the 

changes in output within a single motor burst and how these phenomena are 

modulated over time.

 We therefore sought new analysis methods to both enhance those 

previously described and, more importantly, to quantify intra-burst dynamics. 

Principal component analysis (PCA) is a computational analysis technique 

designed to reduce the dimensionality of a complex data set (Niessing and 

Friedrich, 2010). PCA has  been used in several locomotor-related contexts 

previously, including motor-program decision making (Briggman et al., 2005), 

dynamics of C. elegans movement (Stephens et al., 2008), and makeup of 

forces generated by the hindlimb of a frog (D’Avella and Bizzi, 1998). We 

applied PCA to a matrix of thousands of aligned motor bursts  to examine the 

variance and dimensionality of intra-burst dynamics. Results of PCA include 
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eigenvectors, the features within the data set that account for the variance, 

and eigenvalues, the amounts of variance accounted for by each eigenvector. 

By applying PCA to unprocessed motor bursts, we find stereotypical and 

reproducible eigenvalues and eigenvectors which can be compared across 

lumbar levels  and between wild-type, lesioned, and mutant spinal cord 

recordings.

Methods

 Electrophysiological recordings were conducted on isolated spinal 

cords from E18.5 and P0 mice (for detailed methods of recording conditions, 

see Chapters 4-5). Locomotor activity was induced with NMA and 5-HT, and 

electrical activity was recorded from lumbar level 2 and level 5 ventral roots 

(L2 and L5) with suction electrodes.

 In order to prepare for PCA, data were first downsampled to 256 Hz, a 

frequency which captures the frequency range of the biological signals. Motor 

burst peaks were then identified with a continuous wavelet transform with 

scales from 125 to 0.04 Hz, or 0.008 to 25 second period (Figure 3.1c and 

Chapter 2). There were several regions of significant power in the CWT of real 

data, but for PCA, we isolated the consistent region depicting the average 

motor burst cycle period, located between 2-5 seconds. The real wavelet 

transform, instead of showing a band of power, highlights individual peaks and 

valleys (Figure 3.2a). Based on these real CWT-identified peaks and the 

average cycle period, individual motor bursts were arranged into a matrix of 
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bursts  as rows by average burst length as columns, mean subtracted, and 

normalized (Figure 3.2b). This burst matrix was  then multiplied by its 

transpose to form a covariance matrix (Figure 3.2c) which formed the basis for 

PCA and the other methods described in the following paragraphs. When 

comparing burst matrices from different recordings, the average burst length 

was normalized through interpolation and differences in amplitude and number 

of bursts  were accounted for in the covariance matrix by normalizing to unit 
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Figure 3.2: PCA setup. a - Bursts are selected with a continuous wavelet 
transform; bar equals 15 seconds. b - Burst matrix, bursts are arranged into 
rows, with centering of CWT-identified peaks; each row is then mean-
subtracted and normalized. c - Covariance matrix formed by multiplying the 
burst matrix by its transpose, normalized to unit magnitude (color scale, mV2).



magnitude.

 The results of PCA of the burst covariance matrices include 

eigenvectors—the features responsible for the variance among the motor 

bursts  and eigenvalues—the amount each eigenvector contributes to the total 

variance in the data (Figure 3.7b). While a plot of the cumulative value of 

eigenvalues in order to determine the number of components  needed to 

account for a certain percentage of the variance is  often used, the amount of 

noise found in the unprocessed CPG data precluded attaining useful 

information from this display of the data. Instead, we found that the derivative 

of the eigenvalues was a more helpful measure as it showed where the 

distance between two eigenvalues leveled off (Figure 3.7b). Taking the mean 

and one standard deviation of this derivative provided a reasonable cutoff for 

assessing important versus unimportant eigenvalues.

 Since the percentage of variance accounted for by a given number of 

eigenvalues was uninformative in determining the dimensionality of the 

reduced data set, we explored other methods of determining the number of 

contributing eigenvalues. Similar to the noise models  used to determine 

significance cutoffs for the CWT (Torrence and Compo, 1998 and Chapter 2), 

we used various noise models to approximate our raw data and the results  of 

PCA (Figures 3.3-3.5). While white noise, random values from a Gaussian 

distribution (xn = zn) characterized by a flat power spectrum (Figure 3.3a-b - 

grey traces), is the appropriate model for bandpass filtered CPG data, 
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unprocessed data have a different power spectrum that could cause lower 

frequencies to be disproportionately powerful. Red noise, on the other hand, 

where each subsequent value is  the previous value plus a random value from 

a Gaussian distribution (xn = xn-1 + zn), is  characterized by a decreasing power 

spectrum with increasing frequency (Figure 3.3a-b - red traces). Perhaps the 
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Figure 3.3: Noise models of raw  data. a - Raw data (black) and three noise 
models each with equal variance (see text for details); # indicates autocorrela-
tion value used to generate lag1 noise. b - Power spectra of raw data and 
noise.



closest approximation of real data is  lag1 noise, based on the autocorrelation 

of a given data set (Figure 3.3a-b - blue traces). With lag1 noise, an auto-

correlation coefficient (#) is calculated by taking an average of the first two 

values after the 0 time lag auto-correlation normalized to 1 (# = (#1 + $#2)/2). 

The lag1 noise approximation is  then derived similar to red noise, except that 
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Figure 3.4: PCA of white and red noise. a-b - First four eigenvectors (top), 
eigenvalues (bottom, lower trace, left axis) and eigenvalue derivatives (bot-
tom, upper trace, right axis).



the previous point is  multiplied by the auto-correlation coefficient, thus 

reducing its influence (xn = #xn-1 + zn)—all equations are from Torrence and 

Compo (1998). In applying PCA to mock burst matrices composed of these 

various noise approximations, white noise produced virtually equal 

eigenvalues, and the corresponding eigenvectors resembled the noise itself 

(Figure 3.4a). This  is a reflection of the power spectrum of white noise, that is, 

each frequency has equal power, so each eigenvector is composed of all the 

frequencies and each eigenvalue and contributes  equally to the variance. Red 

and lag1 noise have more complex PCA results. PCA on red noise produces 
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Figure 3.5: PCA of lag1 noise. First four eigenvectors (left), eigenvalues 
(right, lower trace, left axis) and eigenvalue derivatives (right, upper trace, 
right axis).



regularly decreasing eigenvalues and eigenvectors  of increasing frequency 

(Figure 3.4b). This too is a reflection of the power spectrum of red noise. The 

first eigenvector is the lowest frequency, which has the most power in the red 

noise and thus contributes the most to its variance. Finally, lag1 noise 

produced what may best approximate unprocessed data (Figure 3.5). The 

decrease in eigenvalues was gradual, less than that of red noise, and it avoids 

the large changes between eigenvalues as seen in the derivative. Thus, we 

decided to use lag1 noise to model raw data to provide noise-based cutoffs for 

contributing eigenvalues. When compared to the eigenvalue derivative cutoff, 

these independent means for assessing the number of contributing 

eigenvalues were generally in close agreement (Figures 3.7 and 3.11).

 An additional method for assessing differences  between motor bursts is 

covariance matrix subtraction (Figure 3.6). After normalizing for burst length, 

amplitude, and number of bursts, the resulting covariance matrices are of 

equal dimensions and can be subtracted from one another, reducing similar 

features and enhancing differences (Figure 3.6a). Furthermore, the amount of 

difference in the resulting matrix can be quantified by taking the sum of the 

magnitude of the matrix divided by the number of points in the matrix (Figure 

3.6b). This method for measuring the difference between two types of motor 

bursts  displayed lower values when data were subtracted from similar data 

from the same root (Figure 3.6a - Subtraction) and higher values when two 

different roots were subtracted (Figure 3.6a, L2 – L5). These values, when 
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derived from subsets of an entire burst matrix show a mean and standard 

deviation that is  lower with same roots and higher when L5 is  subtracted from 
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Figure 3.6: Covariance matrix subtraction and quantification. a - Motor 
burst covariance matrices of L2 and L5 activity, formed from subsets of entire 
data set (N = 3, 1300 motor bursts for each); subtraction of same root (bot-
tom) has smaller remaining features than subtraction across roots (right); 
color scale, mV2. b - Sum of magnitude of covariance matrices (black, N = 16, 
1300 bursts per N, mean±SD), same or different root subtraction (blue, N = 8 
subtractions, mean±SED), and total  data set subtractions (red, N = 1 subtrac-
tion, ~20,000 bursts L2, ~45,000 burst L5), y axis, mV2.



L2 (Figure 3.6b - blue). However, when the entire data set is used, instead of 

binning subsets, the resulting values  tend to be near the lower boundary of 

this  mean minus standard deviation range due to smoothing effects of the 

larger data sets. Thus a control threshold for difference between motor burst 

covariance matrix subtraction can be established based on wild-type L2 minus 

L2 and L5 minus L5 (Figure 3.10b - black dotted line).

Results

 Recordings of wild-type mice at E18.5 and P0 produced locomotor 

periods similar to those described previously, despite the absence of data pre-

processing (Figure 3.7a; Gosgnach et al., 2006; Kjaerulff and Kiehn, 1996; 

Hinckley et al., 2005; Myers  et al., 2005). The results of aligning bursts  that 

were not previously filtered, smoothed, and rectified into burst matrices and 

computing principal components are displayed in Figure 3.7. By not pre-

processing the data, all features included in the raw data are preserved, 

including motor unit bursting and membrane potential fluctuations due to 

synaptic drive onto motor neurons (Tresch and Kiehn, 2000), as well as low 

and high frequency noise. Baseline fluctuation does not interfere with the CWT 

as the scales used can be modified to ignore such slow fluctuations (very long 

period) and PCA includes only one normalized burst per row of the input 

matrix. Components from recordings at individual lumbar levels were 

stereotypical and reproducible across multiple recordings. Strikingly, 

components at L2 and L5 were distinctly different as seen by a direct 
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comparison and by covariance matrix subtraction (Figures 3.6-3.7).

 Since principal components show differences at different lumbar levels, 

we asked what features of the locomotor circuitry the principal components 

were measuring. To answer this, we devised an experiment to test between 
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Figure 3.7: PCA of L2 and L5. a - L2 and L5 ventral root recordings and lo-
comotor cycle period, mean±SEM; N = 27; bar equals 5 seconds. b - First 
eleven eigenvalues, eigenvalue derivatives (filled circles denote contributing 
eigenvalues, open circles, non-contributing), and first four eigenvectors show-
ing differences in motor output between L2 and L5; dotted line indicates lag1 
noise or mean-SD derivative cutoffs.



two possible reasons for these differences—motor pool organization and 

interneuronal circuitry. Motor pool organization at these lumbar levels varies—

L2 is thought to innervate primarily flexor muscles and L5 innervates 

extensors. Less is known about differences in interneuronal circuitry at the two 

levels. Contralaterally-projecting descending interneurons  have been 

described (Butt and Kiehn, 2003), but other research has emphasized the 

importance of potential ascending connections (Cazalets, 2005; Falgairolle 

and Cazalets, 2007). Furthermore, L2 has been described as the strongest 

rhythmogenic region in the lumbar spinal cord (Kjaerulff and Kiehn, 1996). In 

sum, do these differences in principal components at L2 and L5 primarily 

reflect differences in motor neuron organization, differences in interneuron 

connectivity at the two levels, or a combination of both?

 In order to test this  question, we grossly modified interneuron 

connections by lesioning the spinal cord (Figure 3.13 - dotted grey lines). First, 

a midline split along the entire lumbar region was done to remove any drive 

from contralaterally-projecting interneurons. With such a manipulation of the 

spinal cord, we saw an increase in period and loss of left-right phase 

relationship similar to those previously reported (Figure 3.8 and data not 

shown). Second, we split the cord only at L1-L3 levels. This effectively 

removed any contralaterally-projecting descending interneurons, while leaving 

intact contralateral projections  at L5 and ipsilateral ascending or descending 

connections. Finally, we transected the cord on only one side at L3, removing 
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any multi-level projection interneurons without ablating contralateral, same-

level projections.

 Covariance matrix subtraction analysis of split cord data showed that 

each manipulation of the spinal cord produced a magnitude difference value 

greater than the threshold established by same root subtraction (Figures 

3.9-3.10). Furthermore, in relation to the value produced by L2 minus L5 
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Figure 3.8: Lesioned cord data and cycle period. Raw motor bursts from 
whole cord, fully hemisected cord, ipsilaterally transected cord, partial  hemi-
sected cord at L2 and at L5; bar equals 5 seconds; mean±SEM, ** p<0.01 
ANOVA followed by Tukey; L2 whole N=16; L5 whole (not shown) N=16; L2 
hemi. N=13; L2 ipsi. N=11; L2 part. hemi. N=4; L5 part. hemi. N=6.



(Figure 3.6), only the partial ipsilateral transection at L3 showed a decrease in 

differences between the split and L2 and L5. The lesions producing the 
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Figure 3.9: Covariance matrices and subtractions from lesion data.



greatest differences compared to intact roots were both types of hemisections, 

and the manipulation that generated the least difference was  the partial 

ipsilateral transection at L3, recorded at L2 compared to intact L2. This follows 

what is  currently understood about the multi-segment connections, suggesting 

that removing any ascending ipsilateral connections has little effect on L2 
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Figure 3.10: Covariance matrix and subtraction magnitude from lesion 
data. a - Normalized covariance matrices show similar magnitudes across 
lesion conditions. b - Covariance matrix subtractions are all  above same root 
subtraction cutoffs (dotted line, Figure 3.6); x axis, mV2.



output. Data from L5 in the complete hemisection or ipsilateral transection at 

L3 were too sporadic to be analyzed and results are not shown.

 The eigenvalues and eigenvectors resulting from PCA done on split 

cord preparations showed similar magnitude changes in the motor output 

(Figures 3.11-3.12). The number of contributing eigenvalues, based on lag1 

noise modeling and the mean of the derivative, increased from four to five at 

L2 in the fully hemisected cord, stayed the same in the ipsilaterally transected 

cord, and decreased to two in the partial hemisected cord. At L5, the number 

of contributing eigenvalues increased from three to four, and the distinct shape 

of L5 eigenvectors was lost. These results together demonstrate that a partial 

ipsilateral transection has the least effect on L2 output, followed by an 

incomplete hemisection, and that a complete hemisection has the greatest 

impact on L2 bursting. Thus, according to a simple diagram of lumbar spinal 

circuitry based on previous research, it is likely that the contralaterally-

projecting connections at L2 regulate its output the most, followed by 

ascending contralaterally-projecting connections (Figure 3.13). Finally, as 

motor pools innervating the roots recorded have not changed in the split cord 

preparation, but PCA results  have, these data provide support for the 

hypothesis that PCA is primarily measuring interneuron input onto motor 

neurons, rather than different combinations of motor pools in each segment.

Discussion

 Although a great deal is  known about the developmental programs and 
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neuronal types within the spinal cord that participate in locomotion, the exact 

connections that produce characteristic motor programs are unknown. 

Furthermore, increasing amounts of evidence support the idea of a plastic 

motor circuitry that is  trained by motor neuron subtypes and postnatal 

experience (Chapters 5-6). Therefore, the need for increasingly sophisticated 

analytical methods to address  subtle changes in motor output are needed. We 
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Figure 3.11: Eigenvalues and eigenvalue derivatives from lesion data.



have applied PCA to thousands of motor bursts  in order to measure motor 

burst dynamics, common features among the motor bursts that explain their 

variance. PCA is useful in quantifying previously ignored differences in motor 

burst output at different levels of spinal cord and in assessing changes in 

output due to lesions of the cord. While not giving an exact wiring diagram of 

the spinal cord, we have shown PCA to be effective for quantifying overall 

electrophysiological profiles of motor burst dynamics during fictive locomotion.

 These results do, however, support previous research on various 

hemispherical or intersegmental connections in the spinal cord (Figure 3.13). 

Work in the neonatal rat spinal cord has uncovered details  of intersegmental 
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Figure 3.12: Eigenvectors from lesion data.



spinal cord connections, including contralateral, ipsilateral, ascending, and 

descending paths  (Falgairolle and Cazalets, 2007). Our results  add to these 

conclusions. Based on the changes in motor output that occurred with various 

lesion scenarios, we can make several predictions. First, some connections 

are critical for motor output at L5 (Figure 3.13 - black arrows), as activity was 

lost when these connections were severed. Other connections, in particular 

projections that cross at upper lumbar levels  and descend to L5 can be lost 

without a complete loss of L5 activity (Figure 3.13 - blue arrow). However, L5 

output does change without these connections, supporting the conclusions 

previous work detailing the importance of contralateral descending 

connections (Butt and Kiehn, 2003). Third, in keeping with the rhythmogenic 

potential along the lumbar spinal cord, L2 output is  more robust than L5, and 

depends on connections of different strengths (Figure 3.13 - red arrows—

thickness denotes importance of connection). While previous studies have 

located the interneuronal connections depicted in Figure 3.13, the results  of 

PCA applied to lesion data add information related to the importance of each 

connection for normal locomotor output.

 While PCA is effective in assessing intra-burst dynamics in locomotor 

research, there are many additional ways it can be used to simplify complex 

data sets  and to discriminate causes of distinct behaviors. Assessing 

differences in motor output due to the various methods of activating the circuit 

would be useful. The experiments  in this study used neurotransmitter agonists 
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to induce locomotion, but others have used electrical stimulation at the cauda 

equina or brainstem (Whelan et al., 2000), and even channelrhodopsin-based 

activation of glutamatergic brainstem neurons (Hägglund et al., 2010). It can 

be hypothesized that these different methods of activation of the circuit 

produce different motor dynamics, and this could be tested using PCA. The 
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Figure 3.13: Summary of CPG connections as assessed by PCA with 
spinal cord lesions.



application of PCA to output from mutant mouse locomotor studies, such as 

those in which various  interneuron classes have been ablated (Goulding, 

2009), or in the EphA4 null (Chapter 6) would likely yield new insights into the 

various phenotypes produced by such genetic manipulations of the spinal cord 

circuitry. Finally, the majority of locomotor studies make use of the isolated 

spinal cord preparation, stripping away descending and sensory input. It is not 

known how this preparation affects locomotor output, which is normally 

modulated by sensory feedback and descending control. The use of PCA on 

motor output from a more complex preparation may uncover details of these 

additional inputs to the CPG circuitry and provide a better definition of how the 

isolated preparation functions in relation to the whole animal.

 The use of PCA is widespread, and indeed is useful in multiple other 

contexts. These analysis methods could be applied to any neural circuit that 

produces recordable rhythmic output. Much research has been done on the 

central pattern generator governing breathing located in the brainstem, and a 

debate exists  about which of two well-studied areas is responsible for pattern 

generation. Perhaps the application of PCA could discern which area is  the 

source of the breathing rhythm, much as Briggman et al. used PCA to find a 

specific neuron in the leech ganglion responsible for choosing between 

swimming and crawling behavior (Briggman et al., 2005). Another area of 

spinal cord research involves assessing functional recovery after injury. A 

study by Courtine et al. used PCA on multiple measures of motor function to 
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determine the best predictors of functional recovery with various post-injury 

treatments (Courtine et al., 2008). Perhaps PCA based assessment of motor 

output would predict recovery potential more thoroughly. A recent study of 

zebrafish olfaction using PCA concluded that odor representation is organized 

at the mitral cell level in the olfactory bulb, rather than the glomerular level 

(Niessing and Friedrich, 2010), demonstrating the utility of PCA in isolating 

information coding and other critical centers of network function. In conclusion, 

we have found PCA to be a valuable analysis tool in the context of the isolated 

spinal cord preparation and expect that its application in multiple areas  of 

neural circuit analysis will provide for a better understanding of the nervous 

system both in basic research and therapeutics. 
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 Chapters  3 is  currently being prepared for submission for publication. 

Gallarda, B. W., Alaynick, W. A., Sharpee, T. O., and Pfaff, S. L. The 

dissertation author was the primary investigator and author of this material.
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Chapter 4

Segregation of Axial Motor and Sensory Pathways 

via Heterotypic Trans-Axonal Signaling
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Note: Supplementary movies are available online at:
http://www.sciencemag.org/cgi/content/full/sci;320/5873/233/DC1
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 Chapter 4, in full, is a reprint of the material as it appears in Science: 

Gallarda, B. W., Bonanomi, D., Müller, D., Brown, A., Alaynick, W. A., Andrews, 

S. E., Lemke, G., Pfaff, S. L., and Marquardt, T. (2008). Segregation of axial 

motor and sensory pathways via heterotypic trans-axonal signaling. Science 

320, 233-6. The dissertation author was one of three primary investigators 

and authors of this  paper. He developed the dorsal-ventral root recording 

setup, acquired the electrophysiological data with WAA, adapted the analysis 

methods for detecting rhythmicity, and co-wrote sections of the paper with 

DB, TM, and SLP.
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Chapter 5

Conversion of Walking to Swimming Spinal Circuitry 

by Motor Neuron Subtype Specification
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 Vertebrate locomotion patterns reflected in swimming or walking 

behavior are distinguished in part by the phase during which muscles are 

activated by spinal cord neural circuitry along the body axis (Combes et al., 

2004; Grillner and Jessell, 2009). In limbless vertebrates like the lamprey, the 

spinal cord swim-central pattern generator (CPGS) produces undulatory 

movements by introducing a small phase lag into the axial muscle contractions 

that propagate down each side of the body. This  behavior contrasts  with 

limbed vertebrates such as the mouse, where hindlimb walking movements 

are mediated by the walk-central pattern generator (CPGW) that produces 

alternating flexor-extensor activity between adjacent mid-lumbar segments 

(Bonnot et al., 2002; Combes et al., 2004; Grillner and Jessell, 2009; Kiehn, 

2006). Although specific interneurons have been identified for left-right 

coordination, bursting rate and rhythmicity (Crone et al., 2008; Gosgnach et 

al., 2006; Goulding, 2009; Lanuza et al., 2004; Zhang et al., 2008), the role of 

motor neurons in establishing the CPGS for axial movements and CPGW for 

limb movements remains unknown (Goulding, 2009; Grillner and Jessell, 

2009). During embryonic development distinct subclasses of motor neurons 

that innervate axial and limb muscles are specified by transcription factor 

codes (Dasen and Jessell, 2009; Landmesser, 2001; Lee and Pfaff, 2001; 

Sharma et al., 1998). We tested whether medial and lateral motor neuron 

subtypes contribute to the selection of CPGS and CPGW activity patterns by 

genetically manipulating the LIM-code for axial motor neuron specification. 
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Here we show that converting limb-innervating motor neurons into axial 

subtypes by maintaining Lhx3 expression has no effect on the rhythmicity, 

speed or left-right coordination of locomotion, however, CPGW activity shifts 

toward that of the CPGS. Because CPG development has been considered 

from the perspective of interneuron organization, these results demonstrate a 

surprising role for genetically defined motor neuron subtypes  in establishing 

flexor-extensor locomotor circuitry.

 Approximately 400 million years  ago animals transitioned from 

swimming based on sinusoidal bending of the body axis  through contraction of 

axial muscles to locomotion based on lobed fins, followed by the advent of 

articulated weight-bearing limbs for terrestrial vertebrate walking (Grillner and 

Jessell, 2009; Nied%wiedzki et al., 2010). The addition of increasingly 

sophisticated appendages for more advanced locomotion necessitated the co-

evolution of neural systems to control locomotor behavior. A cell population 

within the spinal cord whose complexity has co-evolved with limb-controlling 

muscle groups is motor neurons, which display a high level of molecular-

genetic diversity (Dasen et al., 2003; Dasen et al., 2005; Sharma et al., 1998; 

Thaler et al., 2002; Tsuchida et al., 1994). Anatomically, motor neurons 

segregate into several columns in the murine spinal cord (Sharma et al., 2000; 

Thaler et al., 2004). The medial motor column (MMC), marked by the LIM 

homeodomain transcription factor Lhx3, runs the length of the cord and 

innervates axial musculature (Figure 5.1a and Supplementary Figure 5.1-5.2). 
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The lateral motor column (LMC), which is found only at fore- and hindlimb 

levels  and innervates limb musculature, lacks Lhx3. In non-limbed animals, 

such as the lamprey, only motor neurons  homologous to MMC cells are 

present (Grillner and Jessell, 2009). Likewise, at immature stages, zebrafish 

embryos use Lhx3+ MMC “primary” motor neurons to drive axial muscle 

movements for swimming (Appel et al., 1995; Grillner and Jessell, 2009). The 

MMC in these animals is controlled by the CPGS, which generates left-right 

alternation and a segment to segment propagating wave of activity along the 

spinal cord (Figure 5.1b; Grillner and Jessell, 2009; Masino and Fetcho, 2005). 

At lumbar levels in limbed animals such as the mouse, LMC neurons 

innervating the hindlimbs behave according to a CPGW pattern, while CPGS 

activity is not readily observed (Falgairolle and Cazalets, 2007). The CPGW, 

while retaining left-right alternation, is distinguished from the CPGS in that it 

mediates control over flexor muscles  in upper lumbar levels and extensor 

groups at lower lumbar levels, producing an alternating pattern of activity 

(Figure 5.1c; Kiehn, 2006). 

In light of such diversity in behaviors  reflected in the division of motor 

columns, we sought to understand whether motor neuron subtype specification 

plays  an instructive role in the development of the lumbar CPGW. Limb 

innervating motor neurons lack Lhx3 but arise from a generic Lhx3+ MMC-like 

precursor (Figure 5.1a). Through down-regulation of Lhx3 the LMC is able to 

express FoxP1 and become further subdivided through the actions of the Hox 
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Figure 5.1: Respecification of motor neuron identity by Lhx3 does not 
abolish CPG activity. a - In Lhx3OFF mice motor neuron subtypes arise from 
a generic progenitor that expresses transcription factors Lhx3 and Hb9. In 
Lhx3ON mice, the Hb9 promoter is used to maintain Lhx3 expression and trap 
motor neurons in the MMC subtype. b - Phylogenetically ancient vertebrates, 
such as lamprey, lack limbs and swim by introducing a small  phase lag be-
tween spinal  cord segments during locomotion. c - Mice have a small inter-
segmental phase lag at L2-L3 and walk by producing a large intersegmental 
phase lag at L3-L4 for flexor-extensor alternation in the hindlimbs. Non-limbed 
animals therefore have a CPGS-MMC-Axial-Swim circuit; in addition to this, 
limbed animals have a CPGW-LMC-Limb-Walk circuit. d - Left-right ventral 
root recordings from Lhx3OFF L2 during drug-induced fictive locomotion 
show left-right (RL) alternation. e - RL alternation is preserved in Lhx3ON 
cords. f - Phase plot and circular two-sample tests indicate that Lhx3OFF 
(black, n=4, &=0.50, R=0.92) is not different from Lhx3ON (red, n=4, &=0.49, 
R=0.90, p=0.94). g - The cycle period was indistinguishable between geno-
types: Lhx3OFF n=20, 3.75s±0.12s SEM and Lhx3ON n=26, 3.68s±0.17s SEM, 
p = 0.58. h - The rhythmicity of CPG output was not altered in Lhx3ON mice as 
indicated by autocorrelation time constants: Lhx3OFF -0.031s±0.007s SD and 
Lhx3ON -0.040s±0.007s SD. i - Power spectral  analysis indicates that Lhx3ON 

mice have the same dominant frequency of bursting as Lhx3OFF mice. 



transcription factor code (Dasen et al., 2008; Dasen and Jessell, 2009). We 

used genetically engineered mice to maintain Lhx3 expression in LMC motor 

neurons via Cre-dependent control of the embryonic motor neuron promoter 

from the Hb9 gene, termed Lhx3ON mice (Sharma et al., 2000). This genetic 

strategy was based on blocking the specification of LMC-class  motor neurons 

and trapping the cells  in an MMC-like state (Figure 5.1a). Anatomically, two 

distinct motor columns still develop, although the average ratio of lumbar level 

2 (L2) MMC to LMC was significantly greater in the Lhx3ON mice (Lhx3OFF = 

0.72 ± 0.018; Lhx3ON =1.13 ± 0.028, p = 3x10-9, mean ± SEM; Supplementary 

Figure 5.2).

We previously demonstrated the fate conversion of LMC to MMC motor 

neurons in Lhx3ON mice (Sharma et al., 2000). Motor neurons were still 

cholinergic, settled in normal dorsoventral positions, and exited the cord in an 

orderly fashion at appropriate segments according to somatic location. 

However, motor axons in Lhx3ON mice preferred the MMC trajectory to 

innervate axial musculature. In addition, non-MMC markers  such as Lim1, 

NADPH diaphorase and Er81 were lost and the MMC-specific transcription 

factor Lhx4 became expressed (Sharma et al., 2000). These changes  in motor 

neuron identity are significant, as Lhx3ON mice die at birth, possibly due to 

respiratory defects.

While the previous data established the cellular identity of converted 

motor neurons, the impacts of such a conversion on the CPG circuitry are 
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unknown. As the CPG has been considered to be composed of an interneuron 

network with motor neurons as the output, we hypothesized four possible 

behavioral consequences of our genetic manipulation. First, if motor neurons 

do not have an instructive role in CPG development, the output of Lhx3ON 

spinal cords  should be similar to controls. Second, if the CPG circuitry does 

not recognize and connect to the converted motor neurons, discernible motor 

bursts  would be absent and activity would be lost altogether. A third possibility 

is  normal motor bursting at a given segment with a loss of intersegmental 

coordination should the interneuronal circuitry drive motor neurons without 

subtype recognition. And fourth, if motor neuron subtypes play an instructive 

role in the establishment of the CPG circuitry, a coherent change in activity 

would be observed predominantly reflecting features of CPGS (MMC) over 

CPGW (LMC; Supplementary Figure 5.3).

 To test these hypotheses, we analyzed fictive locomotor activity in 

isolated E18.5 spinal cords from Lhx3ON mice and Lhx3OFF littermates, induced 

with 10 'M NMA and 20 'M 5-HT applied to the aCSF perfusate (Methods; 

Chapters 2 and 4; Kiehn, 2006). Germline recombination to force Lhx3 

expression in all motor neurons was accomplished with a Protamine::Cre line 

to avoid effects from inefficient recombination or time-dependence (Methods). 

Many features of locomotion were normal in Lhx3ON cords. The phase (&) of 

left-right alternation, which is  perturbed in mice lacking V0 or V2a interneurons

(Crone et al., 2008; Lanuza et al., 2004), was unchanged (Lhx3OFF, & = 0.50, 
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R = 0.92, n = 4; Lhx3ON, & = 0.49, R = 0.90, n = 4; p = 0.94 circular two-

sample test; Figure 5.1d-f; Kjaerulff and Kiehn, 1996). Cycle period, which is 

greatly increased in mice lacking V1 interneurons (Gosgnach et al., 2006), 

was also indistinguishable between genotypes (Lhx3OFF, 3.75s ± 0.12 SEM 

n = 20; Lhx3ON, 3.68s  ± 0.17 SEM n = 26; p = 0.58 Student’s unpaired two-

tailed T-test; Figure 5.1g; Chapter 2). Burst robustness, dependent on the 

function of V3 interneurons (Zhang et al., 2008), also showed no differences 

between genotypes (Figure 5.1h-i). These results  indicate that altering motor 

neuron subtypes does not eliminate or randomize the CPG output. 

Furthermore, shared features  of the CPGW and CPGS such as left-right phase, 

rate, and rhythmicity were preserved following conversion of LMC to MMC, 

demonstrating that these CPG qualities are independent of motor neuron 

subtype diversity and discounting the second and third hypotheses. 

The coordination of flexor and extensor muscle groups by the CPGW is 

the primary feature distinguishing its activity from that of the CPGS. In limbed 

animals, activities  at flexor (L2/L3) and extensor (L4/L5) levels of the cord 

display a clear phasic alternation (CPGW), while in limbless animals a small 

segment to segment phase lag exists (CPGS, Figure 5.1b-c; Combes et al., 

2004; Grillner and Jessell, 2009; Kiehn, 2006; Masino and Fetcho, 2005).To 

determine if motor neuron subtypes play an instructive role in the segmental 

coordination of the CPG, we measured the ipsilateral intersegmental phase 

relationships in the lumbar cord. The intersegmental phase lag in Lhx3ON mice 

113



was significantly reduced compared to controls, with a striking departure from 

flexor (L2/L3) extensor (L4/L5) alternation (L2-L3: Lhx3OFF, & = 0.045, R = 

0.88, n = 11; Lhx3ON, & = 0.021, R = 0.95, n = 8, p = 0.76, Figure 5.2c; L2-L4: 

Lhx3OFF, & = 0.43, R = 0.96, n = 3; Lhx3ON, & = 0.21, R = 0.63, n = 4, p = 

0.011, Figure 5.2d; L2-L5: Lhx3OFF, & = 0.40, R = 0.84, n = 11; Lhx3ON, & 

=0.28, R = 0.66, n = 9, p = 0.016, Figure 5.2e; all p-values with circular two-

sample tests; Kjaerulff and Kiehn, 1996). The segment-to-segment phase 

relationships formed a linear trend of axial coordination, losing the abrupt 

phase shift between L3 and L4 observed during fictive walking (Figure 5.2f). 

Similar results were observed in other Cre lines used for these studies, such 

as Olig2::Cre (data not shown). These results  address the remaining two 

hypotheses. First, because locomotor output is  mostly, but not entirely the 

same in Lhx3ON mice, genetically determined interneuron circuitry alone 

cannot explain locomotor behavior. Second, because we observed a coherent 

shift in intersegmental coordination due to the LMC to MMC conversion, the 

motor neurons of the LMC appear to be critical for establishing CPGW activity 

in mouse. 

 We hypothesized that the flexor-extensor phase shift in Lhx3ON mice 

was mediated by changes in interneuron connectivity, as motor neurons of 

both genotypes  do not cross  segmental boundaries (Sharma et al., 2000). If 

interneuronal connectivity had changed, we predicted it should be reflected in 

the pattern of the electrophysiologic motor burst output. To test for the 
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Figure 5.2: Persistent expression of Lhx3 in motor neurons converts 
intersegmental phase from walking to swimming. a - Ipsilateral 
ventral  root recordings from Lhx3OFF L2, L3, L4 and L5 during drug-
induced fictive locomotion shows an alternating phase relationship at 
L2/3-L4/5. b - Respecification of LMC to MMC in Lhx3ON cords causes the 
normal flexor-extensor phase lag to be reduced from 39% to 19% of the cycle 
period. c - Comparison of Lhx3OFF and Lhx3ON spinal cords demonstrates that 
the change in intersegmental  phase is specific to the L2/3-L4/5 flexor-
extensor relationship: L2-L3 Lhx3OFF: n=11, &=0.045, R=0.88; Lhx3ON: n=8, 
&=0.021, R=0.95, p=0.76. d - L2-L4 Lhx3OFF: n=3, &=0.43, R=0.96; Lhx3ON: 
n=4, &=0.21, R=0.63, p=0.011. e - L2-L5 Lhx3OFF: n=11, &=0.40, R=0.84; 
Lhx3ON: n=9, &=0.28, R=0.66, p=0.016. f - Phase values for each lumbar 
segment with L2 as the reference.



presence of subtle changes in burst composition, we analyzed the covariance 

matrices of the trial-to-trial fluctuations in motor burst profiles. Assuming that 

patterns of activation within the CPG circuitry coordinate the motor burst, 

analysis of covariation in activity can help to identify these dominant coherent 

patterns. Approximately 5000-8000 individual unfiltered motor bursts, detected 

and aligned with a continuous wavelet transform (Chapter 2; Mor and Lev-Tov, 

2007; Torrence and Compo, 1998), were used in this analysis. We found that 

the burst covariance matrix was much more affected by the maintenance of 

Lhx3 expression at L2, compared to L5 (Figure 5.3 a minus b, c minus d). This 

is  intriguing because L2 has been proposed to be the rhythmogenic center of 

the CPGW (Falgairolle and Cazalets, 2007; Kiehn, 2006). These results 

support the idea that CPGW circuitry normally predominates at L2 and is 

changed in Lhx3ON mice. At a finer level, this change in the covariance matrix 

could stem from three factors: the number of significant patterns, their 

contributions or the type of patterns  themselves. To assess these possibilities, 

we applied principal component analysis (PCA) to the burst covariance 

matrices (Methods). First, we observed that the number of significant patterns 

at L2 increased from two to four in Lhx3ON mice, while L5 was unaffected 

(Figure 5.3e). Second, the relative contributions of the first and second 

patterns at L2 were more similar in Lhx3ON (Figure 5.3e). These data agree 

with a shift in CPG activity from a lower dimensional structure of discrete 

alternation (walking) to one of continuous propagation (swimming). Lastly, the 
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patterns were distinct between L2 and L5 (Figure 5.3f - black) and showed 

temporal differences between Lhx3OFF and Lhx3ON outputs (Figure 5.3f - red 

vs. black). In Lhx3OFF mice, the negative phase of the primary L5 pattern 
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Figure 5.3: Distinguishing features of segmental outputs. a-d - Covariance 
matrices (CM) derived from ~5000-8000 locomotor bursts reflect the variance in 
segmental outputs. The covariance matrices were subtracted to reveal 
differences in output between segments and genotypes. CM subtraction of 
Lhx3ON from Lhx3OFF at L5 showed very few differences (c minus d), while CM 
subtraction at L2 showed striking differences (a minus b). e - Eigenvalues, 
describing the relative contribution of a given eigenvector, indicate that the 
outputs of the Lhx3ON cords are different from the Lhx3OFF cords primarily at 
L2. Open circles indicate non-significant eigenvalues. Lhx3OFF L2 has 2 
significant eigenvalues, which account for 65.9% of the variance, Lhx3OFF L5 
has 4 for 63.4%, Lhx3ON L2 has 4 for 57.4% and Lhx3ON L5 has 4 for 52.1%. 
f - PCA of ~5000-8000 motor bursts from ipsilateral Lhx3OFF L2 and L5 during 
fictive locomotion display distinct patterns, eigenvectors. Bar indicates 
normalized burst length. g - L5 vs L2 plots of first eigenvector. Stars indicate 
starting point.



aligned with the positive phase of the primary L2 pattern, indicating alternation. 

In Lhx3ON mice, however, the phase delay was smaller. The consequences of 

this  change in phase can be better appreciated in plots of L2 against L5, 

where a narrow loop (L2 high, L5 low to L2 low, L5 high) in Lhx3OFF is 

transformed to an open circle in Lhx3ON (Figure 5.3g), consistent with patterns 

of walking (alternating activation) or swimming (continuous change), 

respectively. It is likely that motor neuron subtype-mediated changes in the 

circuitry of L2 are responsible for these observations and affect the rhythmic 

118

Figure 5.4: Motor neuron subtype-mediated changes in CPG circuitry. 
Respecification of LMC to MMC in the Lhx3ON mouse results in an increase in 
CPGS quality in the locomotor output. This is reflected in a phase shift in 
segmental coordination. Squares represent interneuronal circuitry and circles 
or ovals represent motor neurons.



output of the lumbar region (Figure 5.4).

Based on these results and in keeping with the evolutionary transition 

from swimming to tetrapod locomotion (Grillner and Jessell, 2009; 

Nied%wiedzki et al., 2010), the CPGW is distinguished from the CPGS in 

coordination of intersegmental phase (Combes et al., 2004; Grillner and 

Jessell, 2009). Because our genetic manipulation creates a coherent shift in 

intersegmental coordination, rather than abolishing or randomizing these 

relationships, it reveals an inherent capacity of the cord to appropriately adapt 

to the identity of motor neurons. This capacity may reflect an ancestral MMC 

CPG to which LMC motor pool diversity was added to control limb movements 

during evolution. Additionally, the retention of coherent output contrasts with 

results from the genetic ablation of interneurons, which generally display a 

degradation in locomotor features related to specific interneuron functions

(Crone et al., 2008; Gosgnach et al., 2006; Goulding, 2009; Lanuza et al., 

2004; Zhang et al., 2008). Our results address an outstanding question in 

spinal cord development: do motor neurons play a role in establishing CPG 

circuitry and if so, what is  their role (Goulding, 2009; Grillner and Jessell, 

2009)? We have shown that diversity of motor neuron subtypes influences the 

behaviors mediated by interneuron circuitry. The mechanism by which motor 

neurons instruct development of interneuron circuitry, whether through cell-cell 

recognition or through activity-dependent feedback, remains unknown. 

Regarding neuronal circuits  generally, the principle of genetically diversifying a 
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single neuron class and adapting the surrounding interacting circuitry might 

apply to other networks of the central nervous system.

Methods

 Mutant Mice: All procedures performed were in compliance with the 

Animal Welfare Act and United States Department of Agriculture regulations 

and approved by the Salk Institute IACUC. Lhx3ON mice were generated with 

an HB9 - floxed stop (LNL) - Lhx3 construct targeted to the 3’ UTR of the Isl2 

gene as previously described (Sharma et al., 2000). Because newborn mice 

with the recombined construct died at birth, analyses were conducted at 

E18.5. To generate litters  of Lhx3ON (recombined) mice, we first generated 

male mice carrying the unrecombined HB9-LNL-Lhx3 and the Protamine::Cre 

(Pro::Cre) transgene. These males were crossed to wild-type (ICR) females 

and the Pro::Cre effected recombination in sperm, ensuring recombination in 

progeny that received the HB9-LNL-Lhx3 allele. Males heterozygous for HB9-

LNL-Lhx3 with Pro::Cre produced Lhx3ON and Lhx3OFF pups in Mendelian 

ratios, whereas males  homozygous for HB9-LNL-Lhx3 with Pro::Cre produced 

only Lhx3ON pups. Olig2::Cre male mice were also used for crosses, to restrict 

recombination to motor neurons.

 Electrophysiology: Experimental litters  were delivered via caesarian 

section at E18.5, the day of plug discovery being considered E0.5. Pups were 

decapitated, eviscerated, and pinned to a Sylgard-coated dissecting dish with 

circulating room temperature aCSF (128 mM NaCl; 4 mM KCl; 21 mM 
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NaHCO3; 0.5 mM NaH2PO4; 1 mM MgSO4; 30 mM D-Glucose; 1 mM CaCl2) 

oxygenated with 95% O2 / 5% CO2 (Chapter 2; Meyer et al., 2010). Spinal 

cords were then exposed from cervical to sacral levels  and the roots were cut. 

Isolated spinal cords were then transferred to a recording dish with circulating, 

oxygenated aCSF in which the CaCl2 concentration was increased to 2 mM. 

Cords were allowed to equilibrate for 2 hours before recordings began. 

Polyethylene suction electrodes were applied to ventral roots at desired levels, 

and locomotor activity was induced by the addition of 10 'M NMA and 20 'M 

5-HT. Raw electrophysiological recordings were amplified 1000 times (Grass 

Technologies, West Warwick, RI) digitized at 6 kHz (NI, Austin, TX) and stored 

for offline analysis.

 Data Analysis and PCA: Raw electrophysiological data were imported 

into Igor Pro (Wavemetrics, Lake Oswego, OR) and analyzed using a 

continuous wavelet transform (CWT) for extracting period, rhythmicity, and 

phase from unfiltered traces (Chapter 2; Mor and Lev-Tov, 2007). For PCA, a 

real continuous wavelet transform was used to plot burst peak locations and 

average period length bursts were extracted and aligned in rows in a burst 

matrix, mean-subtracted, and normalized along rows. PCA was conducted on 

the entire set of Lhx3OFF or Lhx3ON motor bursts  from a given root (L2 or L5) 

across animals to extract eigenvalues and eigenvectors. Numbers of animals 

for PCA were: Lhx3OFF-L2 n = 14, Lhx3OFF-L5 n = 20, Lhx3ON-L2 n = 19, 

Lhx3ON-L5 n = 13. Eigenvalues were normalized to have a sum of 1.  
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Covariance matrix subtraction to compare data from multiple roots was 

performed on covariance matrices with magnitude normalized to 1. 

Significance of eigenvalues was determined with two methods. First, a 

univariate lag-1 autoregressive process was used to model raw motor bursts, 

with # calculated from the autocorrelation (#1 + $#2)/2, #0 being the peak of 

the autocorrelation normalized to 1 (Torrence and Compo, 1998). The average 

eigenvalue trend of multiple instances of such modeling was used as a cutoff. 

Second, the derivative of the normalized eigenvalues was calculated and the 

mean minus one standard deviation was used as a cutoff (Figure 5.3 and 

Supplementary Figure 5.4). The number of eigenvalues determined as 

significant by these independent methods were in close agreement. Circular 

statistics for phase relationships were used as described (Kjaerulff and Kiehn, 

1996).

 Imaging: Mouse lines  carrying the HB9::eGFP transgene to label motor 

neurons were imaged fresh or after fixation for 2 hours in 4% 

paraformaldehyde, overnight washing in PBS, and 4 hour incubation in 30% 

sucrose all at 4ºC. A Zeiss Lumar V12 was used for imaging. MMC to LMC 

ratios were calculated by selecting an area of the column at a given level with 

the ImageJ box selection tool, measuring the mean intensity, then moving the 

same box onto the corresponding section of the other column and measuring 

again. Lhx3OFF (n = 7) and Lhx3ON (n = 10) ratios at L2 and L5 were compared 

with a unpaired two-tailed T-test.
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Supplementary Figures
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Supplementary Figure 5.1: Cross section detail of circuits and behavior. 
CPG circuits (CPGS and CPGW) composed of interneurons connect to 
genetically defined motor neurons organized into medial (MMC) and lateral 
(LMC) motor columns, which in turn project axons to appropriate axial or limb 
musculature. These circuits mediate swimming or walking behavior, 
respectively. Non-limbed organisms have only the CPGS-MMC-Axial-Swim 
circuit, while limbed animals add the CPGW-LMC-Limb-Walk circuit (Figure 5.1).
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Supplementary Figure 5.2: Anatomical changes in motor columns. a - Whole 
cords from Lhx3OFF and Lhx3ON E18.5 mice. Motor neurons are labeled with 
HB9::eGFP. b - MMC:LMC ratios at L2, L3, L4, and L5 differed significantly 
between Lhx3OFF and Lhx3ON at L2 (0.72±0.018 SEM vs. 1.13±0.028 SEM, 
p=3e-9), L3 (0.55±0.035 SEM vs. 0.69±0.054 SEM, p=0.035), and L5 
(0.76±0.050 SEM vs. 1.38±0.10 SEM, p=9.4e-5), but not L4 (0.51±0.041 SEM 
vs. 0.50±0.018 SEM, p=0.79; Lhx3OFF n=7, Lhx3ON n=10). c - Average GFP 
intensity line profiles were measured between white dotted lines at L2 and L5. 
Closed arrowheads indicate LMC, open arrowheads indicate MMC, and 
asterisk indicates midline in a and c. Bar equals 500 'm.
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Supplementary Figure 5.3: Possible outcomes of MMC to LMC 
conversion in Lhx3ON mice. a - No change in output. b - Complete loss of 
discernible motor output. c - Clear motor bursts, but loss of intersegmental 
coordination (i.e. random phase relationships). d - Shift in ipsilateral 
segmental coordination to short phase delay. See text for discussion. 
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Supplementary Figure 5.4: Eigenvalues and eigenvalue derivatives. 
Significance thresholds for eigenvalues and eigenvalue derivatives (dotted 
black lines). Number of significant eigenvalues was usually in agreement 
(Lhx3OFF L2 and L5, and Lhx3ON L2) and if not, the average (5 eigenvalues, 3 
eigenvalue derivative, average = 4) was taken. Open circles indicate 
insignificant eigenvalues.
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Supplementary Figure 5.5: L2 minus L5 covariance matrix subtraction. 
Clear differences remain between L2 and L5 in either genotype.
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Supplementary Figure 5.6: Eigenvectors, eigenvalues, and eigenvalue 
derivatives from covariance matrix subtraction. Results from covariance 
matrix subtraction (Figure 5.4) show fewest differences between Lhx3OFF and 
Lhx3ON L5 (6 components accounting for 28.1% of the variance) with more 
differences at L2 (3 components accounting for 45.2% of the variance). Other 
subtractions had similar results: Lhx3OFF L2 minus Lhx3OFF L5: 4, 69.1%; 
Lhx3ON L2 minus Lhx3ON L5: 4, 62.9%; Lhx3OFF L2 minus Lhx3ON L5: 4, 
53.9%; Lhx3ON L2 minus Lhx3OFF L5: 4, 64.3% (Supplementary Figure 5.5). 
Lhx3ON L2 differences are also seen in the 3rd and 4th eigenvectors when 
subtracted from L5 (asterisks). 
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 Chapter 5, in full, is  a reprint of the material as has been submitted for 

publication: Alaynick, W. A., Gallarda, B. W., Andrews, S., Driscoll, S., 

Lettieri, K., Franco, L, Sharpee, T. O., and Pfaff, S. L. Conversion of walking 

to swimming spinal circuitry by motor neuron subtype specification. The 

dissertation author was one of two primary investigators and authors of this 

paper. He jointly conducted the experiments with WAA, developed the 

analysis methods, and co-wrote the paper with WAA and SLP.
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Chapter 6

Left-Right Synchrony in EphA4 Null Mice 

Develops after Birth
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Abstract

 In the study of vertebrate locomotion, the EphA4 null mouse, which is 

characterized as having synchronous hindlimb movements during locomotion, 

has been a monumental resource. From the signal transduction pathways that 

mediate EphA4 function to axon guidance defects  and mis-targeted motor 

processes, to analyses  of mutant locomotor output, the EphA4 null mouse has 

provided a model for addressing multiple questions related to the development 

of spinal motor systems. Although many have studied this mouse, what is 

perhaps the most fundamental question regarding its phenotype remains 

unanswered: what is the cause of the synchronous hindlimb locomotion? It 

has been proposed that either normally ipsilateral excitatory interneurons or 

aberrantly crossing CST projections are responsible for this phenotype, but 

data supporting either of these hypotheses are sparse. Here we show that the 

hopping phenotype in EphA4 null mice is not present at birth, but develops 

between postnatal day two and three. Further comparisons of motor burst 

dynamics with covariance matrix subtraction also highlight changes  beginning 

at postnatal day one to two. These results demonstrate that the development 

of synchrony is  due to experience-dependent training after birth, and that such 

synchrony develops before the CST reaches lumbar levels. Therefore, new 

causes for this  interesting phenotype will need to be found and we 

hypothesize that motor neurons, which express EphA4, will have a role in its 

development. We furthermore propose several new lines of experiments with 
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the hope of ultimately discerning the root causes of EphA4 null left-right 

synchrony and the principles governing locomotor circuit development.

Introduction

 The receptor tyrosine kinase EphA4 (previously known as Sek1) has 

long been implicated in various central nervous system functions (Wilkinson 

1993; Varela-Echavarria and Guthrie, 1997). Expressed throughout the 

nervous system, EphA4 participates  in multiple developmental processes, 

such as  hindbrain segmentation, axon guidance, and somite formation in the 

avian vertebral column (Christ et al., 2000). With the first null mutations of the 

EphA4 gene, it was noticed that mice lacking EphA4 have an abnormal gait, 

specifically, synchrony of hindlimb movements (Dottori et al., 1998). Further 

analysis of EphA4 null mice confirmed the synchrony of locomotor output and 

established its presence at the earliest postnatal stages (Kullander et al., 

2003). This study by Kullander et al. provided additional evidence that the 

EphA4 receptor was involved in this phenotype by analyzing mice lacking its 

ligand—ephrin-B3, which also displayed a hopping phenotype. Recently, a 

serendipitous spontaneous mutation that produced hopping led to the 

discovery of a downstream effector of EphA4 signaling, #-chimerin (Iwasato et 

al., 2007; Beg et al., 2007; Wegmeyer et al., 2007). Therefore, much is known 

about the function, ligands, expression patterns, and corresponding signal 

transduction of EphA4.

 Despite the wealth of information on EphA4, a major question remains 
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related to its  role in the developing spinal cord: what is the exact cause of the 

hopping phenotype that develops without EphA4? A good deal is also known 

about the circuitry in the lumbar spinal cord that controls walking, termed the 

locomotor central pattern generator (CPG). Early lesion studies determined 

that the circuitry required to produce rhythmic, coordinated motor output was 

located entirely in the ventral half of the lumbar spinal cord from lower thoracic 

through sacral levels (Kjaerulff and Kiehn, 1996). Multiple studies have added 

to the understanding of the normal function of the CPG, but it was the 

application of genetic manipulations of the transcription factor codes  that 

specify ventral neuron types that began to unravel the exact circuitry 

(Goulding, 2009). By ablating the broad classes of ventral interneurons via 

transcription factor deletion or toxin expression, the role of each class  in 

coordinating locomotor output was determined. V0 contralaterally-projecting 

inhibitory interneurons  are necessary for coordinating appropriate left-right 

alternation (Lanuza et al., 2004). V1 ipsilaterally-projecting inhibitory 

interneurons govern the speed of locomotion and their loss causes a drastic 

increase in locomotor cycle period (Gosgnach et al., 2006). V2a ipsilaterally-

projecting excitatory interneurons also affect left-right coordination (Crone et al., 

2008). And V3 contralaterally-projecting excitatory interneurons are involved in 

maintaining the robustness of locomotor activity (Zhang et al., 2008). 

 Based on these studies, several hypotheses have been raised 

addressing the source of hopping in EphA4 null mice. First, cortical spinal 
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tract (CST) upper motor axons ectopically cross the midline in EphA4 and 

ephrin-B3 null mice, and it is assumed that such crossing acts to synchronize 

motor output on both sides of the cord (Kullander et al., 2001). Additional 

evidence has shown that left-right synchrony is present at early postnatal 

stages, before the CST reaches lumbar levels, lending support to a second 

hypothesis of local interneurons ectopically crossing the cord to synchronize 

the two sides (Kullander et al., 2003). While both these hypotheses could be 

true—local interneurons could mediate synchrony at early stages and the CST 

could cause hopping after the development of mature load-bearing locomotion

—neither hypothesis takes into account the time-course of the development of 

hopping in the neonatal mouse. Most studies that observe hopping in adult 

animals look for (and find) ectopic CST crossing, but few, if any, account for 

the early postnatal hopping or establish the presence of ectopic CST 

connections to lumbar level neurons. A prime candidate for a local interneuron 

causing this phenotype was  the V2a class. These interneurons normally 

project ipsilaterally and are excitatory, so it was thought that should they 

express EphA4 and perhaps cross the midline in the null animals, they might 

be responsible for synchronizing the two halves of the cord. While it was found 

that V2a interneurons do express EphA4, no evidence could be found that 

they cross the cord in null mice (Lundfald et al., 2007). Therefore, significant 

questions remain in relation to the two main hypotheses  regarding EphA4 null 

hopping. What is responsible for early postnatal hopping before the CST 
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reaches lumbar levels; which classes of interneurons mediate synchrony? And 

how does the ectopically crossing CST influence the synchronous hindlimb 

locomotor phenotype in the adult; to what do the ectopically projecting CST 

processes connect?

 In light of these outstanding questions, we sought to more clearly define 

the developmental time-course of the hopping phenotype in EphA4 null mice. 

Newborn mice undergo several days  of poorly coordinated movement before 

establishing mature walking at postnatal day 8-11 (P8-11; Jiang et al., 1999). 

By recording locomotor activity at daily neonatal time points and subjecting the 

resulting electrophysiological traces to computational analyses aimed at 

distinguishing subtle differences in motor burst dynamics, we have attempted 

to determine what has  changed in the mutant mouse related to the spinal 

networks that govern motor output.

Methods

 EphA4 null mice were obtained through heterozygous crosses, 

delivered by Caesarian section at embryonic day 18.5 (E18.5), or taken at the 

postnatal day specified. Litters were always in approximate mendelian ratios of 

wild-type, heterozygous, and null pups. Fezl;EphA4 null mice were obtained 

through double heterozygous crosses and occurred 1/16 of the time, in 

roughly mendelian ratios. Dissection, electrophysiology, and induction of 

locomotion was done as described in Chapters 4-5. The only difference was 

with pups P2 and older, the initial concentrations of agonists added to induce 
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locomotion were 6 µM NMA and 12 µM 5-HT, which was then raised to 10 µM 

and 20 µM if necessary.

 Data analysis  consisting of continuous wavelet transforms to determine 

period and phase and covariance matrix subtraction to assess intra-burst 

dynamics was done as described in Chapters 2-5. 

Results

 The two main hypotheses regarding the cause of left-right synchrony in 

EphA4 null mice are ectopic CST crossing and ectopic local interneuron 

crossing. In mouse, it has been shown that CST axons reach lumbar levels at 

approximately P4-P6 (Bareyre et al., 2005), and it could be assumed that this 

process might take longer if CST axons  are crossing and re-crossing the 

midline in EphA4 null cords. While a specific class of local interneurons 

ectopically crossing the cord has not been found, non-specific labeling has 

shown an increase in contralaterally-projecting interneurons in the lumbar 

spinal cord of EphA4 null mice (Kullander et al., 2003). In addition to 

interneurons and cortical neurons, several other tissues important to 

locomotion express  EphA4 (Figure 6.1a-b). Motor neurons, the output neurons 

of the CPG express EphA4, which is required for proper axon guidance 

(Helmbacher et al., 2000). Furthermore, the target muscles in the limb also 

express EphA4, and may depend on its activation to modulate 

acetylcholinesterase production (Lai et al., 2004). Therefore, while the CST 

and local interneurons have been the most likely candidates for mediating the 
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Figure 6.1: EphA4 expression and locomotor cycle period at early 
postnatal time points. a - Diagram of regions of the nervous system and 
periphery that express EphA4 (red); cortex, lumbar interneurons and motor 
neurons, and peripheral muscles are all included; electrophysiological 
recordings were done on lumbar level  2 ventral roots. b - Cross section of 
spinal cord and EphA4 positive neuron classes, including V2, V1, and MN.   
c - Locomotor cycle period changes throughout developmental time points, 
but is indistinguishable between genotypes at any given time point. One way 
ANOVA between genotypes at each time point had p-values greater that 0.05. 
Across time points, with genotypes grouped at each time point, one way 
ANOVA showed significant differences (p < 0.001), and Tukey post-hoc  test 
showed E18.5 is different from every other time point (p < 0.01), and that P2 is 
different from P3 and P4 (p < 0.001). Ns: E18.5 WT-6, Het-24, KO-14; P0 WT-0, 
Het-4, KO-3; P1 WT-4, Het-5; KO-2; P2 WT-11, Het-39, KO-12; P3 WT-14, 
Het-4, KO-9; P4 WT-13, Het-1, KO-6. d - Early and late raw motor data.

WT Het Null



hopping phenotype, other important components of the motor unit express 

EphA4 and could thus be responsible.

 The circuitry driving locomotion is present and functional just before 

birth. We therefore recorded drug-induced locomotor activity at each day from 

E18.5 (1 day before birth) through P4 to establish the strength of the EphA4 

null phenotype at each time point. Across genotypes, locomotor cycle period 

fluctuated throughout these time points, being distinct from all other days  at 

E18.5 and from P3-4 at P2 (Figure 6.1c). Surprisingly, the left-right synchrony 

previously reported by multiple studies was not present at any time point prior 

to P3 (Figure 6.1d; Figure 6.2). Locomotor cycle period and left-right phase in 

EphA4 null mice were indistinguishable from wild-type or heterozygous 

littermates from E18.5 to P2. By P3, however, the left-right phase of EphA4 

null animals had shifted to the previously reported synchrony, whereas wild-

type animals  displayed normal alternating phase. Despite the change in 

phase, locomotor cycle period remained the same across  genotypes at each 

time point (Figure 6.1c). Therefore, the phenotype commonly described in 

EphA4 null mice, left-right synchrony, is  not present at birth, but develops in 

the first few postnatal days without a distinction in cycle period on any given 

day.

 We next sought to quantify differences in the spinal circuitry during this 

early postnatal developmental time course. We compared motor burst 

dynamics by generating covariance matrices and subtracting them at each 
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Figure 6.2: EphA4 null phase changes between P2 and P3. EphA4 null 
(KO) left-right phase is indistinguishable from WT and Het from E18.5 through 
P2. At P3, KO phase shifts to synchrony and remains there, significantly 
different from WT; Watson Williams F-statistics are less than critical values 
except at P3 (F-52.25, crit.-4.41) and P4 (F-76.3, crit.-4.9). Summary phase 
vectors were taken from individual experimental phase values and combined 
with circular statistics. Phase values (") indicating vector direction, R values 
(R), indicating vector length, and Ns are indicated.



time point (Figures 6.3-6.4). To do this we aligned thousands of unprocessed 

motor bursts, selected with a continuous wavelet transform (Chapter 2), into 

burst matrices and multiplied each matrix by its  transpose (Chapter 3). 

Comparing the magnitude of each normalized covariance matrix shows 

similarities between genotypes and across time points (Figure 6.3). 

Subtraction of covariance matrices cancels common features of variance while 

highlighting differences (Figure 6.4). Compared to wild-type control covariance 

matrix subtractions (Chapter 3), E18.5 and P0 show minimal changes between 

genotype. At P1, however, wild-type—null and heterozygous—null differences 

peak at levels well above controls.The heterozygous—null difference values 

return to control levels at P2-4, but wild-type—null values stay well above 

controls (Figure 6.4). These results support the existence of postnatal changes 

in locomotor circuitry reflected in motor burst dynamics. What is interesting is 

the smaller magnitude of difference at E18.5-P0, indicating that locomotor 

circuitry in EphA4 null mice may not initially develop abnormally, as  it produces 

normal output at birth, but instead be trained to produce abnormal output 

through postnatal experience.

 In order to assess the contribution of the CST to the EphA4 null hopping 

phenotype, we crossed EphA4 null mice with Fezl null mice, which lack a CST 

(Chen et al., 2005; Molyneaux et al., 2005). Surprisingly, EphA4;Fezl null mice 

still develop a mature locomotor hopping phenotype when raised with wild-

type and heterozygous littermates. In litters from EphA4 heterozygous;Fezl 
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heterozygous crosses, approximately 1/16 of the pups were null for both 

genes and observation of locomotor behavior detected no differences from 

EphA4 null;Fezl heterozygous or wild-type littermates, which similarly hopped. 
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Figure 6.3: Covariance matrices and magnitude. X axis and color scale, mV2.
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Figure 6.4: Covariance matrix subtraction highlights differences in 
motor burst dynamics beginning at P1. Covariance matrix subtraction 
shows minimal differences between genotypes at E18.5 and P0, and 
increasing and constant differences remaining after subtraction from P1-P4, 
especially between WT and KO. Asterisks indicate subtracted covariance 
matrices where magnitude difference values greater than WT-WT control 
subtraction (dotted line, Chapter 3); color scale and x axis, mV2.

*

*

*

*

*

*

WT-Het
WT-Null
Het-Null



EphA4 heterozygous or wild-type pups were normal, and loss  of Fezl showed 

characteristic hyperactivity. These results  suggest that ectopic CST crossing 

may not be the cause of EphA4 null hopping either in neonatal or adult 

animals.

Discussion

 The lack of convincing evidence for the two main hypotheses regarding 

the cause for EphA4 null left-right synchrony demonstrates the need for novel 

directions in studying EphA4 null locomotion and the CPG as  a whole. EphA4 

is  expressed in many neuron populations, including motor neurons, which use 

it as an axon guidance factor to navigate to peripheral muscle targets  (Chapter 

4). Therefore, it is possible that the loss of EphA4 merely primes the cord to 

develop an abnormal locomotor behavior, rather than establishing aberrant 

interneuronal circuitry or allowing CST input to synchronize the two sides  of 

the cord. Such a scenario could be mediated by two primary factors related to 

the motor unit. First, EphA4 is  expressed in muscle and has been linked to 

acetylcholinesterase production at the neuromuscular junction (Lai et al., 

2004). Second, EphA4 expression levels  differ in the various motor pools 

projecting to the limb, being higher in motor neurons with a dorsal trajectory, 

and in EphA4 null mice there are differences in limb innervation (Helmbacher 

et al., 2000). With an initial defect in motor projections or muscle strength and 

adaptability, an EphA4 null spinal cord could produce roughly wild-type output 

at birth based on the default genetic program for CPG circuitry. This 
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developmental step would be relatively independent of local EphA4 

expression and would occur well before CST-related effects. Then, as 
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Figure 6.5: Summary and future directions. EphA4 expression (red) and 
known or expected left-right phase relationships with various manipulations.



neonatal mice begin to train their locomotor circuits by moving after birth, the 

circuitry could be retrained by the defects in motor projections and muscles to 

best adapt the system to produce effective locomotion. An EphA4 null mouse 

likely adapts differently than wild-type to compensate for the segments of the 

motor unit that are less responsive or effective, and therefore develops a 

synchronous locomotor phenotype. Since previous studies have focused on 

the spinal cord alone to find the cause of this phenotype, they have missed 

other components of the entire motor unit that may be responsible. 

 To test this hypothesis  will require more exact targeting of EphA4 
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Figure 6.6: Cre-based strategies for isolating motor neurons and 
muscle. EphA4 expression (red) and expected phase relationships with 
targeted removal  in motor neurons or muscles, two components of the motor 
system that are possibly responsible for the hopping phenotype.



expression to isolate the components of the locomotor system responsible for 

this  phenotype. We therefore propose a Cre-based approach, focused on 

each part of the motor system to elucidate the component or components 

necessary to produce this phenotype. Using an EphA4-floxed allele, we will 

remove EphA4 selectively from the various populations involved in the 

production of locomotion (Figures 6.5-6.6). An Olig2::Cre x EphA4 floxed litter 

would remove EphA4 in motor neurons alone, and the resulting phenotype of 

recombined pups would determine if hopping were due to motor neuron 

specific EphA4 expression (Lee et al., 2005). Other Cre lines would remove 

EphA4 selectively in the nervous system as a whole (Nestin::Cre), cortex 

(Emx1::Cre), and limb muscle (mef2c::Cre; Heidt and Black, 2005), testing 

these components individually. Such experiments would both examine this 

fascinating phenotype at a more comprehensive level, and hopefully discern 

the cause of EphA4 null hopping. Ultimately, the developmental principles 

governing the establishment of functional locomotor circuitry would be better 

understood by a closer examination of this mouse.
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Chapter 7

Conclusion
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 The systematic targeting and removal or silencing of the various 

interneuron classes in the ventral half of the spinal cord established clear roles 

for each class  in the production of locomotion. These interneurons are thought 

to be the component neurons of the locomotor central pattern generator 

(CPG), although the exact connections they form and the extent of diversity 

within each class remain to be seen.

 By manipulating motor neurons in similar ways, we have demonstrated 

a role for motor neurons in the development and function of the locomotor 

CPG. Motor neurons have several features making them amenable to 

manipulation in this way. First, all motor neurons arise from a common 

progenitor domain established by a Sonic hedgehog gradient in the ventral 

spinal cord. Motor neuron progenitors express the transcription factor Lhx3, 

which remains on in medial motor column neurons, but is downregulated in the 

lateral motor column to allow further Hox-dependent diversification. This 

simple distinction between two types of motor neurons allows for the 

conversion of one type to the other via ectopic expression of Lhx3. Such a 

conversion has  a striking effect on CPG function. Instead of characteristic 

flexor-extensor alternation necessary for coordination of opposing muscles in 

the hindlimbs, these mutant mice mice display a phase lag segment to 

segment along the lumbar extent of the cord. This is the first time a shift in 

flexor-extensor phase has been reported, as none of the interneuron-ablated 

mutant mice had defects in ipsilateral coordination. Such results suggest an 
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active role for motor neurons in establishing interneuron connectivity in the 

locomotor CPG. Furthermore, comparisons between limbed and non-limbed 

locomotion may uncover additional principles of locomotor CPG development. 

The converse of this experiment, converting all motor neurons to lateral 

column subtype by a conditional or inducible removal of Lhx3 would show the 

importance of the medial motor column in establishing proper locomotion. 

Such an experiment may have less pronounced results, however, as the 

influence and number of medial motor column cells  in the mouse is much less 

than the lateral at lumbar levels.

 Additional evidence for motor neurons’ role in CPG development comes 

from the striking finding that the EphA4 null mouse hopping phenotype 

develops several days after birth. While multiple causes for this phenotype 

have been suggested, this is  the first description of the postnatal shift in left-

right phase relationships demonstrating that hopping is not present at birth. 

The timing of this  shift raises questions about the two main hypotheses 

regarding the cause of this phenotype and introduces new ideas related to 

why EphA4 null mice hop. While additional experiments  will be needed to 

uncover the exact components of the motor unit responsible for the 

development of hopping, it is likely that the principle of motor neuron influence 

in CPG function will be relevant here as well.

 The time course of EphA4 null hopping leads to additional questions 

about the development of mature locomotion. The locomotor CPG is fully 
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functional at birth, though not yet under the control of descending tracts, which 

are established slightly before the onset of mature locomotion. Might there be 

multiple stages of immature motor function between birth and P10? A more 

careful assessment of differences in motor output from birth to mature walking 

would be a valuable study, forming a basis  for addressing many of the 

outstanding questions related to CPG circuitry. In addition, removing various 

components of the motor unit during postnatal locomotor development, such 

as sensory feedback, movement in general, and descending control would 

highlight the importance of experience-dependent learning. One hypothesis 

formed from these studies is  that the initial locomotor CPG is not hard-wired, 

but primed to be trained by postnatal movement, learning to coordinate the 

limbs in a coherent way to mediate volitional control of movement once the 

upper and lower motor regions  are connected. This hypothesis  would explain 

both the development of abnormal locomotor outputs  in mutants and the 

tremendous robustness  of the CPG in general. In the case of EphA4 null, V0c-

ablated (Zagoraiou et al., 2009), or mice lacking V2a interneurons (Crone et 

al., 2009), locomotion exists in adult animals, but has deviated in some way 

from wild-type behavior. Perhaps in these animals, the CPG was retrained to 

accommodate some deficiency in the motor unit, manifesting in various ways 

as abnormal adult locomotion.

 Such a model of the motor unit training the CPG to move limbs 

appropriately forms the simplest explanation for the dual nature of locomotor 
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behavior. Vertebrate locomotion is based on a relatively simple repetitive 

behavior, but displays staggering adaptability to the various conditions 

encountered by animals while moving. The complexity in this  system lies in 

three main areas—interneuron diversity, motor pool complexity, and limb 

anatomy. The complexity in the limb is obvious, where multiple muscles 

control diverse joints  with various ranges of motion. Although “motor 

primitives,” potential bases for more complex motor behaviors have been 

proposed (Hart and Giszter, 2010), these are studied in reduced preparations 

and do not account for the adaptability of each limb in a moving vertebrate. 

Also well characterized are the genetic programs generating diverse motor 

neuron subtypes, first in medial and lateral columns and then in numerous 

single muscle-innervating pools of the lateral column. What remains unknown 

at this point is whether or not similar diversity exists in interneurons, especially 

along the rostrocaudal axis of the spinal cord. One explanation of the ability of 

the locomotor CPG to produce such a variety of behaviors is that the 

interneurons of the spinal cord are genetically programmed for such a 

purpose. This is to take Brown’s proposition to its fullest conclusion, that the 

intrinsic circuity of the spinal cord produces the motor output and all other 

components are mere real-time modulators  (Brown, 1911). Perhaps a simpler 

explanation is that the interneurons of the spinal cord wire together at each 

spinal level to produce a generic, basic rhythm-producing circuit. These then 

are trained by the complexity of motor neurons corresponding to and activating 
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the matching complexity of limb muscles, providing sensory feedback to the 

CPG circuit informing it of productive versus unproductive movement. Such a 

system would not need matching diversity in interneurons along the 

rostrocaudal axis, but merely a plasticity in the interneuron circuits, making 

them trainable by the rest of the motor unit. This  system would also explain 

how interneurons are able to coherently move numerous types of anatomical 

joints. Instead of impossible numbers of genetic programs specifying 

interneuron circuits, generic interneurons would be trained by experience to 

move joints, either with opposing flexor-extensor activation surrounding a knee 

or with left-right alternation and ipsilateral phase lag in axial muscles. Should a 

lack of rostrocaudal diversity in interneurons be found, this evidence would 

strongly support such a hypothesis. The idea of genetic diversity invested in a 

single class of neurons  to diversify the behavior of a neural circuit may be 

pertinent to other areas of the central nervous system as well.

 With future studies of locomotor CPG structure and function, an 

appreciation for all parts of the system will be necessary for continued 

advances. One way of studying this system at a higher level is  to apply 

advanced signal processing and statistical techniques to typical 

electrophysiological recordings in order to extract more information. The 

commonly used methods of filtering, rectifying, and smoothing motor output 

should be replaced by more robust means of analyzing the signal. Two such 

methods, the continuous wavelet transform to measure temporal dynamics 
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and principal component analysis to measure intra-burst dynamics have 

proven useful both in wild-type and mutant contexts. We have attempted with 

these analysis methods to study spinal cord function at a more comprehensive 

level, describing an overall profile or signature of locomotion at each level of 

the spinal cord, rather than reducing motor output to simple on and off bursts 

of activity. Such methods could easily be applied to other rhythmic circuits 

including the respiratory CPG, and would provide a useful way of assessing 

motor function in recovery from spinal cord injury.

 By augmenting previously used methods of probing the locomotor CPG 

with a comprehensive systems approach, future advances will be made. Two 

components of such an approach are considering the entire motor unit, in 

particular motor neurons, and extracting more information from complex data 

representing motor activity with enhanced signal processing analysis methods. 

Numerous other methods will be necessary to finally arrive at a clear 

understanding of the development, wiring, function, and adaptability of the 

locomotor CPG. Hopefully, such an understanding will inform other regions of 

the central nervous system by outlining principles common to neuronal circuits 

throughout. As with any complex system, only a multifaceted approach 

accounting for each component of the system can accurately describe the 

system as a whole. Minimizing or ignoring any component will only lead to 

gaps in a complete understanding of the system, be it a symphony 

performance or a spinal circuit. 
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