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Abstract

Positional Coordinates for Spinal Sensory-Motor Connectivity
Gulsen Surmeli

One of the essential requirements for accurate functioning of the nervous system
is that synaptic connections are formed and neural circuits are assembled with precision.
Two major contributors to the establishment of selective synapse formation are thought to
be the positional and molecular identities of neurons. In many instances, the fine-grained
precision of synaptic connectivity is thought to occur through a process of molecular
recognition that depends on the interaction of complementary recognition molecules
expressed on pre- and post-synaptic partners. However, the lack of experimental
observations suggests that this is perhaps not the predominant mechanism used in
assembling neural networks. In addition to molecular recognition mechanisms, the range
of alternative postsynaptic targets can be reduced by organized patterns of neuronal
position and axonal growth and termination to deliver the terminals of appropriate preand postsynaptic partners to restricted volumes of the developing nervous system. Thus,
the positional identities of neurons carry significance in establishing neural networks.

The selectivity with which sensory axons form connections with spinal motor
neurons drives coordinated motor behavior. The precise profile of monosynaptic sensorymotor connectivity has been suggested to have its origins in the recognition of motor
neuron subtypes by group Ia sensory afferents. Here I present an analysis of sensorymotor connectivity patterns in mice in which the normal clustering and positioning of
motor neurons has been scrambled through genetic manipulations to conditionally knock

out the transcription factor FoxP1. FoxP1, together with an intricate network of Hox
genes, drives molecular differentiation programs that give rise to the molecular diversity
observed in limb level motor neurons. Conditional ablation of FoxP1 in motor neurons
causes scrambling of the motor neurons as well as normalization of molecular identity
among all limb level motor neurons.

My findings in the conditional FoxP1 mutant mice indicate that critical steps in
the patterning of sensory-motor connectivity are governed more by the dorsoventral
position of motor neurons than by their identity. My findings imply that sensory-motor
specificity in monosynaptic reflex arcs depends on the ability of group Ia sensory
afferents to target discrete dorsoventral domains of the spinal cord in a manner that is
independent of motor neuron subtype identities, and even of motor neurons themselves.
Motor pool clustering and positioning may therefore have evolved to ensure that the
motor neurons that innervate a specific limb muscle are able to receive synaptic input
from the group Ia sensory afferents supplying the same muscle.

Table of contents
CHAPTER 1: Introduction
CHAPTER 2: Specific loss of FoxP1 expression in motor neurons impacts their identity
and peripheral connections.
CHAPTER 3: Motor neuron topography and behavior in motor neuron FoxP1 mice
CHAPTER 4: Monosynaptic sensory-motor specificity and its disruption in motor
neuron FoxP1 deficient mice
CHAPTER 5: Monosynaptic sensory-motor connections are constrained by dorsoventral
positional coordinates
CHAPTER 6: Tier targeting in the absence of recipient motor neurons and investigation
of sensory ‗pool‘ identities.
CHAPTER 7: General discussion
CHAPTER 8: Materials and Methods
CHAPTER 9: References

i

Acknowledgements
I would like to thank the following people for their contribution to the
experimental data presented in this thesis. Turgay Akay performed the locomotor
behavioral experiments; Tim Machado performed statistical analysis of motor neuron
positions; Kaity Miao helped with the genotyping of mice. Sensory neuron identity
profiling experiments were conducted in collaboration with Sebastian Poliak. Thomas
Jessell generously shared his scientific expertise and helped in constructing the
framework of ideas presented in this thesis. Jeremy Dasen and Thomas Jessell made
seminal contributions to the understanding of spinal cord development in prior studies
without which this work would not have been possible. I would like to also thank my
thesis committee members Christopher Henderson, Darcy Kelley, Richard Mann for their
contribution and Sam Pfaff for kindly agreeing to be my external thesis examiner.

I would like to thank the following people for their help with the preparations of
this thesis by tirelessly reading and editing my writing. Thomas Jessell, Klara Felsovalyi,
Jay Bikoff, Sebastian Poliak, Turgay Akay, Amy Norovitch, Alana Mendelsohn, Andrew
Fink and Nikos Balaskas all contributed very kindly to the improvement of the text.

I also would like to thank previous and current students and post-docs of the
Jessell and Axel labs for providing an intellectually stimulating environment and for all
their help and support. Specifically, I would like to acknowledge the contributions of
Sebastian Poliak, Joriene de Nooij, Andrew Fink and Adam Hantman in helping me

ii

shape a personal scientific perspective.

Also, I would like to thank my dear friends Aysem Kilinc, Caglar Unlu, Burcin
Ikiz, Nalini Colaco, Sebastian Poliak, Joriene de Nooij, Klara Felsovalyi, Kivanc Birsoy
and my dear family Sencan Surmeli, Nesen Surmeli and Nedret Surmeli for always being
there to share happy and sad moments of life

iii

1
Chapter 1: Introduction

Movement is one of the most essential behaviors of all animals. Whether it is
performed for changing location, communication or simply for feeding or breathing, the
movement of body parts is always smooth and uninterrupted, no matter what challenging
environments animals may encounter. The ease of performing motor tasks, however can
lead to the underestimation of the computational effort the nervous system devotes to the
production of movement. In reality many spinal and supra-spinal networks work in
combination to meet the challenge of controlling the limb and body muscles in a
coordinated manner.

The importance of spinal reflexes in generating smooth body movements has been
appreciated for more than a century. The focus of this study is one of these spinal
reflexes, the monosynaptic stretch reflex circuit. In particular, I investigated the
developmental mechanism through which specific connections between sensory afferents
and motor neurons are established. In the following introductory section, a brief
explanation of spinal reflexes will be followed by the introduction of the structure and
sensory-motor connectivity rules of the monosynaptic stretch reflex circuit. Next I will
present a brief summary of mechanisms exploited in other brain areas for the formation
of orderly and specific connectivity patterns between pre and postsynaptic neurons.

Two of the mechanisms widely used in the nervous system in establishing neural
networks with specific connectivity patterns are molecular recognition between pre- and
post-synaptic targets and the spatial organization of axonal projections and postsynaptic
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targets. The focus of this study is to provide insights into the contributions of these two
mechanisms to the formation of specific connectivity between sensory and motor
neurons. Therefore in the last section of the introduction I will summarize the
relationships between the organization of the limb, motor and sensory neurons as well as
the current knowledge on the molecular mechanisms that give rise to sensory and motor
neurons and molecules that are thought to be important in sensory-motor connectivity.

1.1. Spinal reflexes.

A century ago Charles Sherrington provided a seminal contribution to the
understanding of the nature and role of reflexes. Through his observations and
interpretations he concluded:
"The main secret of nervous coordination lies evidently in the
compounding of reflexes. . . . But though the unit reaction in the integration is a reflex,
not every reflex is a unit reaction, since some reflexes are compounded of simpler
reflexes. A simple reflex is probably a purely abstract conception, because all parts of the
nervous system are connected together and no part of it is probably ever capable of
reaction without affecting and being affected by various other parts . . ." (Sherrington,
1906).
Research conducted by his contemporaries and followers contributed to and
refined his initial findings and indeed reinforced his view that the role of reflexes should
not be underemphasized.
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Reflexes are initiated upon sensory input. Sherrington introduced three classes of
sensations: exteroception, the sense of the external world (e.g. sight, taste); interoception,
the sense of the internal world (e.g. pain, temperature) and proprioception, the sense of
the self. Proprioceptive sensory receptors are distributed throughout the animal‘s body to
provide information about the orientation and movement of the body with respect to the
environment, such as the force and length of muscles and the angles of joints. At any
given moment during movement, signals from proprioceptive receptors return to the
central nervous system via sensory nerve fibers, called sensory afferents. This
proprioceptive feedback information is used to update the commands to muscles to
ensure that an appropriate pattern of activity is generated in the muscles according to
specific events in a movement sequence. Proprioceptive feedback also dictates the
alterations in motor commands in response to unexpected changes in the environment and
any changes in the biomechanical properties of the motor system (Hasan and Stuart,
1988). Thus, it provides stability for individual joints and the entire body. Sensory
feedback ensures the continuity of smooth muscle movement and postural regulation.
During standing and locomotion, postural disturbances are counteracted by forces
generated through the effects of proprioceptive sensory feedback (Macpherson, 1988,
1994; Nichols et al., 1999). Proprioceptive sensory feedback also contributes to the the
normal progression of the walking step cycle (Grillner and Rossignol, 1978; Hiebert et
al., 1996) and its modification (Whelan et al., 1995).

Proprioceptive sensory neurons reside in the dorsal root ganglion (DRG), a
formation outside of the spinal cord. Proprioceptive sensory neurons are grouped based

4
on their functions and physiological and anatomical features. Based on the conduction
velocity of sensory afferents and functions of the receptors at the fiber endings,
proprioceptive sensory afferents are grouped as group Ia, group Ib and group II. Group Ia
afferents are larger diameter compared to group IIs. They terminate in the primary
endings located in the equatorial region of the muscle spindle (Figure 1.1A, Hunt, 1954;
Matthews, 1933). The smaller diameter group II afferents terminate in secondary endings
on the muscle spindles which are found adjacent to the primary endings. Group Ib
afferents terminate at the Golgi tendon organs specifically at the junction between the
tendon and the muscle fibers (Matthews, 1933; Hunt, 1954).

Proprioceptive sensory afferents show different discharge characteristics based on
the receptor type at the endings of the afferents; Group Ia and II afferents have A type
receptors which makes them sensitive to muscle stretch. Group Ib afferents have B type
receptors that lead them to be active during muscle contractions. Muscle spindle
receptors detect changes in muscle length and relay information about the relative
position of the limb through group Ia/II sensory afferents. In contrast, Golgi tendon organ
receptors detect changes in tension and convey this information through group Ib sensory
afferents.

Central projections of proprioceptive sensory afferents
Proprioceptive sensory information is relayed to the spinal cord through the dorsal
roots. Anatomical evidence from Golgi staining and nerve terminal degeneration patterns
shows that different classes of sensory afferent fibers terminate in distinct regions of the
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spinal grey matter (Rethelyi and Szentagothai, 1969; Scheibel and Scheibel, 1969;
Sprague and Hongchien, 1964). Group Ia collaterals have two major termination sites: in
the intermediate (laminae VI/VII) and a more ventral (lamina IX) region of the spinal
cord. Group Ib afferents from Golgi tendon organs terminate only in the intermediate
region (lamina V/VI). Group Ib collateral fibers extend through the dorsal horn where
they branch and arborize extensively in lamina V/VI. Group II afferents innervating
muscle spindle secondary endings have terminals in the intermediate (lamina III-VII) and
to a lesser extent in the ventral zone (lamina IX) (Brown and Fyffe, 1978b; Fyffe and
Light, 1984; Hongo et al., 1978; Ishizuka et al., 1979). Most group II collaterals branch
extensively in the intermediate zone and send only sparse projections to the ventral horn
(Edgley and Jankowska, 1987; Fyffe, 1979; Hoheisel et al., 1989), thus resembling group
Ia afferents. In summary the axon collaterals of group Ia and group II afferents project to
both intermediate and ventral regions, whereas the collaterals of group Ib afferents
project only to the intermediate region of the spinal cord.

Central projections of group Ia sensory afferents
Group Ia primary afferents follow a stereotypic projection pattern in the spinal
cord to connect with their targets. To cover the regions occupied by their postsynaptic
targets, they extend along the rostro-caudal as well as the dorso-ventral axis. Shortly after
entering the spinal cord through the dorsal roots, group Ia primary afferents bifurcate into
ascending and descending branches (Brown, 1981; Hongo et al., 1978). These branches
travel in the dorsal column and give off collaterals. In cat for instance, within 10 mm or
so of ascending or descending branches, collaterals are given off with an average
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intercollateral distance of 1 mm. These collaterals arise over the length of the relevant
motor nuclei and extend a few more segments so that a group Ia primary afferent could
reach all spinal segments where relevant motor neurons reside (Romanes, 1951; Sprague,
1958). After entering the dorsal horn through its dorsal and medial border, group Ia
collaterals descend vertically through the first five laminae of the grey matter, typically
without branching. Upon reaching lamina VI, each collateral gives off branches which
arborize in this medial intermediary region, then grows laterally across the cord to
arborize in lamina VII and the motor nucleus lamina IX (Figure 1.1 B, Brown and Fyffe,
1978a).

Postsynaptic partners of group Ia sensory afferents
Group Ia axons project onto various target neurons in the spinal cord. In the
regions where group Ia axons first arborize (lamina VI and VII) they form contacts with
Ia inhibitory interneurons located around lamina VII just dorsal and dorsomedial to the
motor nuclei (Hultborn et al., 1971a, b, c; Jankowska and Roberts, 1972a, b). They also
form connections on interneurons in lamina VI but the identity of these neurons has not
been clearly described (Brown, 1981). Additionally, projections of group Ia afferents
were detected onto Clarke‘s column neurons, the origin of the dorsal spinocerebellar tract
(Lundberg, 1964) and the spinal border cell component of the ventral spinocerebellar
tract (Lundberg and Weight, 1971). In lamina IX, the main collateral branches of the
group Ia axons divide a number of times to produce daughter branches of the third to fifth
order that carry synaptic boutons which contact the alpha motor neurons directly.
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Figure 1.1

A

B
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Figure 1.1. Schematic representation of muscle spindles and diagram of trajectories
of sensory afferents.
A.Drawing of a muscle spindle showing the nature of attachment, the arrangement of the
intrafusal and extrafusal fibers, and how the afferent and efferent fibers enter the spindle
B. Reconstructions from transverse spinal cord sections of three adjacent collaterals from
a group Ia afferent fiber from medial gastrocnemius muscle. A is the most rostral and C is
the most caudal section. Each collateral gives off branches which arborize in the medial
intermediary region (lamina VI), then moves laterally across the cord to break up into
arborizations in lamina VII and the motor nucleus (lamina IX) (Brown and Fyffe, 1978a).
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In addition to the branching in the transverse extent, these daughter collaterals also have a
rostrocaudal span (Brown, 1981; Iles, 1976). In cat, each group Ia afferent collateral is
thought to supply 20-50 motor neurons with average 3-4 boutons per motor neuron
(Brown, 1981; Ishizuka et al., 1979).

Sensory afferents form specific connections with a select set of motor neurons.
Group Ia sensory afferents originating from a specific muscle in the periphery form
monosynaptic connections with only a select set of motor neurons in the spinal cord. The
differential nature of connection strength from the group Ia primary afferents onto motor
neurons has been well documented in the cat through intracellular recordings from motor
neurons pioneered by Eccles and colleagues (Figure 1.2), (Eccles et al., 1957) and similar
results are obtained in mice (Mears and Frank, 1997). A single group Ia fiber contacts 70100% of all the alpha motor neurons innervating the muscle that contains the primary
endings of the group Ia afferents (homonymous connections) and 40-75% of the motor
neurons innervating muscles with synergistic functions (heteronymous connections)
(Scott and Mendell, 1976). Connections onto the homonymous versus heteronymous
alpha motor neurons also differ in strength, most likely depending on the functional
relationship between the muscles during the course of a movement. For instance feedback
from the medial gastrocnemius muscle onto the lateral gastrocnemius is strongly
excitatory whereas feedback from the lateral gastrocnemius onto the medial
gastrocnemius is relatively weak.

While connections with synergistic motor neurons show intermediary strength,
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connections do not form with motor neurons innervating functionally antagonistic
muscles. The importance of avoidance of connections with motor pools supplying the
antagonistic muscles can be most readily observed from the alternating movements of
ankle flexor and extensor muscles during the locomotion of cats. As an example, the
strict alternation of the muscle bursts observed in the ankle extensor gastrocnemius and
the ankle flexor tibialis anterior could not have been possible if the sensory afferents
supplying these muscles did not avoid the antagonistic motor pools.

Additional studies showed that Ia synergism is not necessarily restricted to
mechanical agonists operating at the same joint but may include distant muscles
operating at different joints. For example, bidirectional excitatory connections between
quadriceps and adductor femoris and unidirectional connections from quadriceps to
soleus were reported in cat (Eccles and Lundberg, 1958) and were believed to have
evolved to assist feline locomotion (Engberg and Lundberg, 1969). Such across joint
excitatory connections appear to be weaker than the ones linking the muscles of a
synergist group (Wilmink and Nichols, 2003) and thus thought to be less important in
mediating muscle coordination. It is also not known to what extent these connections
exist in other species.
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Figure 1.2.Neural interactions among hindlimb muscles.
A. Magnitude of length (proprioceptive) feedback between muscle pairs based on
physiological recordings exemplified in B. Donor indicates the stimulated nerve;
recipient denotes the type of motor neuron from which electrical activity is recorded.
Increasing thickness of backlash indicates increasing excitation, increasing thickness of
the frontlash indicates increasing inhibition. (Adapted from (Burkholder and Nicols,
2000). Abbreviations: PLAN, plantaris; LG, lateral gastrocnemius; MG, medial
gastrocnemius; SOL, soleus; FHL, flexor halucis longus; FDL, flexor digitorum longus;
TP, tibilalis posterior; PB, posterior biceps; SM, semimembranosus; ST, semitendinosus;
GRAC, gracilis; BFP, posterior biceps femoris; VM, vastus medialis; RF, rectus femoris;
VL, vastus lateralis; VI, vastus intermedialis; EDL, extensor digitorum longus; PL,
plantaris; PT, tibialis posterior; TA, tibialis anterior.
B. Intracellular recordings from a soleus motor neuron upon stimulation of various
peripheral nerves. Lower traces show evoked activity in the soleus motor neuron upon
stimulation of SOL, MG, LG, PLAN, FDL and RF nerves (upper traces). Note the
relative amplitudes of responses upon stimulation of the SOL (strongest, self,
homonymous), MG, LG, PLAN (weaker, heteronymous) and FDL and RF (none,
functionally irrelevant) nerves. (Adapted from Eccles and Lundberg, 1958).
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Each sensory input connecting onto a motor neuron has to obey the specific
connectivity rules mentioned above. An average motor neuron innervating the medial
gastrocnemius muscle receives ~450-500 group Ia afferent contacts carrying information
from the medial gastrocnemius and its synergistic muscles (Brown, 1981; Mendell and
Henneman, 1971; Scott and Mendell, 1976). The specific connectivity patterns are
remarkably well preserved in every experimental case studied. Moreover studies show
that the specificity patterns observed in the adult also exist at the developmental stages
when these connections are first formed, suggesting that they emerge independent of
neuronal activity (Frank and Jackson, 1997; Frank and Jackson, 1986; Frank and
Westerfield, 1983; Wenner and Frank, 1995). How are the connections between group Ia
sensory afferents and motor neurons established with such complex specificity patterns?
In the following section, I will review the general strategy of establishing neural circuits
and synaptic specificity and summarize the current knowledge on how sensory motor
circuits are formed.

1.2. Strategies of establishing neural circuits with precise connectivity patterns.

Synaptic specificity is achieved through multiple steps
Although the exact mechanisms through which neural circuits are formed vary
across brain areas the following are the fundamental steps of synapse formation:
(1) In most regions of the brain, pre- and post-synaptic neurons have a
spatial/topographic organization that is established independently of one another during
development.
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(2) Axon guidance or pathfinding brings the axons of the source neurons into gross target
fields.
(3) Within a large target region, axons target particular zones or layers. This organization
restricts axons to regions where they have to choose their postsynaptic targets among a
smaller number of potential targets. In theory a small enough target zone could be created
to allow synaptic matching based solely on the proximal vicinity of pre- and postsynaptic structures.
(4) However, specific target recognition through molecular interactions or activitymediated feedback is necessary in most cases to distinguish the postsynaptic targets
among other cell types.
(5) Finally elaboration of synaptic contacts onto cellular domains may restrict synapse
formation to subcellular domains of the cells such as axons versus dendrites.

Spatial organization of neurons contribute to neural map formation

The organization of cells and projections in the brain has been investigated since
the formulation of the cell theory. Upon the discovery of nerve cells the seminal work of
Purkinje provided the first survey of neuronal cell body size, shape and distribution.
Later, Cajal (Cajal, 1909) studied the structural organization of cells in the nervous
system in detail. Research conducted by their contemporaries and followers provided a
detailed understanding of the structural framework of the nervous system. According to
these studies, there is a complex organization in the central nervous system where cells
are organized in nuclear subdivisions and stratified laminae according to their molecular
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features and physiological functions. Neurons within an individual subdivision exhibit
homogeneous morphological properties such as soma shape and size, and dendritic
arborization pattern. Moreover, neurons belonging to a nucleus or a lamina innervate
common targets and receive synaptic inputs from common afferents (Figure 1.3).
The organization of neuronal nuclei and laminae can be viewed as individual
components of neuronal circuits. Many distinct nuclei and subcellular groups are
identified in many regions of the brain. The nervous system invests a great deal of effort
in organizing these structural units during development. Various types of molecular
markers such as transcription factors (LIM homeodomain transcription factors, Gbx2,
Dlx1, Nkx2.2, Pax6 and so on) and cell adhesion molecules, mainly cadherins, were
found to be expressed in specific subdivisions and cellular groupings. This active effort
of organizing the cellular network of the brain suggests that it is essential in building
functional neural circuits.
Not only are neurons identified by the layers and nuclei they occupy, but their
positions within these structures might also contribute to their identity within a neural
circuit. The importance of the spatial organization of cells is evident in the structure and
connectivity of neural maps. The use of space to encode information is a fundamental
organizational strategy. Topographic maps are used by a variety of central nervous
system projections and it is thought that they ensure the spatial identity of a stimulus as it
is transferred to different regions of the brain for processing. Most neural maps possess
organizational features that show characteristic features of continuous or discrete neural
maps. In continuous neural maps, the spatial organization of post-synaptic cells reflects
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Figure 1.3

Figure 1.3. Neurons are organized in nuclei and laminae
Neurons are grouped into nuclear and laminar subdivisions based on structure and
function. Shown in this figure are two examples of nuclear and laminar organization from
two parts of the brain.
A. Neuronal pathways and nuclear organization of the habenula, mammillary body and
anterior thalamic nuclei in mouse. Abbreviations: A, medial mammillary nucleus; B,
anteromedial nucleus of the thalamus; C, anteroventral nucleus; D, habenula; E,
interpeduncular nucleus; F, dorsal tegmental nucleus.
B. Example of laminar organization of the human sensory-motor cortex of the postcentral
gyrus. Cortical layers are numbered. 1-7. Adapted from Cajal, 1909
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the spatial organization of the pre-synaptic source cells. In discrete neural maps there is
no spatial order between the neurons in the source field, but topographic order emerges in
the other field to reflect differential responsiveness of source neurons to discrete qualities
(reviewed in Luo and Flanagan, 2007).

A clear example of continuous spatial organizations of input and output cells is
the retinotopic map in the visual system. The positional information of the light signal on
the retina is maintained by the spatial relationship between the light recipient cells in the
retina and their projections in the midbrain and tectum (superior colliculus in mammals).
The ordering of retinal ganglion cell axons along the anterio-posterior axis of the optic
tectum in chicks and amphibians and the rostrocaudal axis of the mammalian superior
colliculus is in register to the nasal-temporal origin of the retinal ganglion cells in the
retina.

A clear example of discrete neural maps is the organization of neurons in the
olfactory sensory system. In the olfactory system every olfactory neuron possesses only
one kind of odorant receptor. The cell bodies of these olfactory sensory neurons
expressing the same kind of odorant receptor are scattered across the surface of the
olfactory sensory epithelium. Despite the lack of topographic order in the epithelium,
olfactory sensory neurons carrying the same kind of odorant receptors converge their
projections onto the same glomerular unit in the brain, adding a spatial organization to
the transfer of discrete olfactory information.
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Topographic organization of neurons is seen in other regions of the brain. The
spatial information encoded in the placement of the whiskers is maintained in the
organization of the whisker barrels in the cortex. In the brain stem, taste nerves relay in
the nucleus tractus solitarius (NTS) where they contact secondary cells that are organized
in a roughly topographical manner. Electrophysiological studies show a register between
the location of the salty and bitter taste sensation on the tongue and the somatotopic
organization of their targets in the NTS (McPheeters et al., 1990). Tones close to each
other in terms of frequency are represented in neighboring regions in the brain mirroring
the topography of the different regions of the basilar membrane that vibrate at different
sinusoidal frequencies. The auditory nerves that transmit information from different
regions of the basilar membrane therefore encode frequency tonotopically. Alltogether
these observations show that topographic order of projections and nuclei are an important
feature of many neural circuits.

Mechanisms of establishing orderly axonal projections within a gross target domain
Which biological mechanisms are responsible for establishing specific neural
networks? This question was first addressed by Cajal after he observed orderly
projections in the nervous system. He suggested that the growth cones he observed must
extend in an orderly fashion from neuron to neuron. The mechanism he proposed for this
was a chemoaffinity-like model in which growth cones might be attracted to their
appropriate targets by detecting some chemical cue present in the target. However Cajal
never experimentally tested his hypothesis. At the time the prevailing view was that
complex behavior is too intricate to be explained by connectivity and must be learned
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through experience. In this functionalist view, neurons are thought to be mere conductors
of activity like a supporting media, not determinants of the pattern of activity (Weiss,
1934). The order that was observed in the organization of the nervous system was
thought to be an incidental outcome of other developmental processes rather than
something that is itself directly regulated. Indeed the available experimental evidence at
the time supported this view. Tissue culture studies showed no evidence that the direction
of axonal growth could be affected by the targets. Moreover all nerve fibers behaved the
same way when challenged with mechanical obstacles (Weiss, 1934).

It was Roger Sperry whose experiments finally challenged the functionalist view.
He transposed motor nerves of adult rats to force them to reinnervate incorrect muscle
groups. He observed that the recovery of function was always incomplete and although
the rat could learn how to walk it was abnormal and in a much cruder fashion than before
(Drescher et al., 1995). This study led him to conclude that neurons are not just substrates
that transmit information but that the specificity of connections is indeed important for
functional behavior. In another set of experiments, Sperry rotated an eye in an adult newt
ᵒ

180

and allowed the eye-tectum connections to regenerate. He demonstrated that the

axons from ectopic retinal neurons innervated the original positions in the tectum
indicating that the axon pathfinding events depend on various environmental cues. His
findings suggested the existence of a chemoaffinity type mechanism and strongly argued
against passive axonal projections directed by mechanical obstacles. He argued that if
fibers used mechanical guidance to reform retinotopic projections onto the tectum, then
these fibers should have preserved this order when invading the implant to form an
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unrotated projection. However his results showed that fibers deliberately changed their
route to terminate at their original positions. Thus his conclusion was that fibers were
able to read some sort of local cues on the tectum.

Indeed the initial studies that predicted a role for molecules in forming orderly
neuronal connections were followed by the discoveries of such molecular mechanisms.
There are two main molecular mechanisms that explain axon guidance: a contact
dependent and a contact independent guidance of growth cones. Contact dependent
mechanisms operate through interactions between receptors on the growth cone of axons
and their ligands located on the cell membranes of their targets or extracellular matrix.
Several adhesion, homophilic interaction molecules direct contact dependent guidance,
such as ephrins and their ligands Eph molecules, immunoglobulin (Ig) superfamily
moelcules, integrins and cadherins. Contact independent axon guidance depends on
interactions between secreted molecules from remote positions and their receptors on the
membranes of growth cones. Examples of molecules that are used in contact independent
axon targeting include Netrins and their receptor DCC (Deleted in Colorectal Cancer),
Slit and its receptor Robo, and Semaphorins and their receptors neuropilins and plexins.

Here I will present examples of the ways orderly connections in neural maps are
established in various parts of the nervous system to demonstrate how the above
mentioned mechanisms of network formation are implemented.

Usage of molecular gradients in forming the retino-tectal maps
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The surgical experiments performed by Sperry laid the foundations of the
chemoaffinity theory. However only with the discovery of molecules that direct axon
guidance in the tectum did the detailed programs of neural map formation in the retina
begin to be uncovered. Similar to the newt studied by Sperry, in chicken embryos the
retinal ganglion cells in the eye send axons to the tectum in the midbrain. There is a
significant topographic relationship between the retina and the tectum: nasal ganglion
cells send axons to the posterior tectum and the temporal ones to the anterior tectum.
Moreover dorsal ganglion cells project to the ventral tectum, and ventral ganglion cells
project to the dorsal tectum. These projection patterns enable the preservation of the 2D
spatial features of the image in the tectum as it appears in the retina.

Topographic mapping in both the dorsoventral and anteroposterior axes of the
retinotectal projections was shown to be regulated at least in part by Ephrin-Eph
mediated signals. The repulsive guidance molecules ephrinA5 and ephrinA2 are
expressed in a high-to-low gradient in the posterior-to-anterior locations of the tectum.
The receptor for these ligands EphA3 is expressed in a high-to-low gradient in the
temporal-to-nasal parts of the retina and on the growing axons of retinal ganglion cells
(Cheng et al., 1995; Drescher et al., 1995). Moreover EphA3 has differential affinities for
ephrins: it has a tenfold higher affinity to EphrinA5 than EphrinA2. When nasal retinal
axons with low amounts of EphA3 enter the tectum they ignore high concentrations of
EphrinA2 and respond in a graded way to different concentrations of EphrinA5
(Monschau et al., 1997). Temporal axons with high amounts of EphA3 then, enter the
anterior tectum but are repelled from growing into the posterior tectum by EphrinA2
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(Nakamoto et al., 1996). More recent experiments in mice where EphrinA2/A3/A5 are
missing showed that the topography of visual maps is disrupted (Pfeiffenberger et al.,
2006).

Another dimension of the formation of retinotectal maps is the observation that
the topographic cues used in map formation in the tectum are concentrated in nonneuronal cells. This means that the direct post-synaptic targets of retinal ganglion axons
do not have major roles in axon guidance. However their positioning in the tectum is
important to be able to meet with the correct retinal ganglion cell axons.

Laminar targeting in the tectum
Once the axons of the retinal ganglion cells reach the optic tectum they project to
only 4 of the 16 laminae which are known as the retinorecipient laminae. The current
hypothesis supported by some experimental evidence suggests that differential expression
of extracellular adhesion molecules in each retino-recipient lamina direct retinal ganglion
cell axons to their correct target layer (Inoue and Sanes, 1997; Yamagata and Sanes,
1995a). Several molecular markers have been identified that are expressed in target
laminae and subsets of retinal ganglion cells (Huberman et al., 2008; Huberman et al.,
2009; Yamagata and Sanes, 1995b; Yamagata et al., 2006). Further investigation of the
roles of these molecules is needed to uncover the exact mechanisms behind laminar
targeting.

Interactions between axons are important in forming neural maps.
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In determining the target destinations of axons in some areas of the brain, axon
order, axon-axon interactions and selective fasciculation have a role in forming precisely
organized neural networks. The final topographic order of axons in a target might reflect
an ordered distribution of axons in fiber tracts. For instance axons originating from the
ventrobasal complex in the dorsal thalamus of mice maintain a topographic relationship
as they travel through the internal capsule and defasciculate in an orderly array as they
enter somatosensory cortex (Agmon et al., 1993; Molnar et al., 1998).

Interactions among axons in neural map formation are particularly important in
the visual system of Drosophila. There, because of the shape of the eye, the 6
photoreceptor axons leaving the ommatium from the surface of the eye together need to
redistribute to specific cartridges in the lamina. Genetic ablation and mosaic studies
showed that this reorganization in the lamina is largely target-independent but instead
requires the interactions between the photoreceptor axons to be intact (Clandinin and
Zipursky, 2000; Lee et al., 2003). Furthermore, the photoreceptor axons show precise
laminar targeting patterns in the medulla which is shown to be controlled at least partially
by the N-cadherin mediated homophilic interactions between the growth cones of
photoreceptors (Nern et al., 2008).

Lamina-specific projections regulated by transient targets.
In some cases, the targeting decisions of axons are guided by cells that are not the
terminal targets of the axons. An example of the usage of such transient cells is observed
in the hippocampus. The hippocampus contains a layer of pyramidal cells whose soma
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are restricted to the ―basal layer‖. These cells extend their dendrites toward the pial
surface where they receive inputs from various sources in an orderly manner. While the
distal

dendrites

receive

inputs

from

the

ipsilateral

enthorinal

cortex;

commissural/association fibers from other hippocampal areas synapse on the proximal
portions of the same dendrites. Interestingly this subcellular afferent connectivity pattern
is prefigured by early developing interneurons that are distributed in a laminar pattern.
Cajal-Retzius cells and GABA-ergic interneurons exist in distal and proximal molecular
layers respectively and they serve as transient targets of the incoming enthorinal and
commissural axons respectively. Before pyramidal cell dendrites reach the molecular
layer, enthorinal cell axons form connections with the Cajal-Retzius cells and
commissural axons with the GABA-ergic cells. Later these transient connections
disappear due to the death of these transient targets and these synapses are transferred to
the pyramidal cells. Ablation of these transient cells impairs projections of the enthorinal
axons.

1.3. Establishing the monosynaptic stretch reflex circuit.

Sequential steps in the establishment of sensory-motor connectivity
Group Ia sensory neuron cell bodies residing in the dorsal root ganglion have the
task of forming connections in peripheral muscle targets and with appropriate motor
neuron targets in the spinal cord with the specific connectivity patterns described
previously. These connections are established in multiple steps that are summarized here
and in figure 1.4. Details of individual steps will be given in the subsequent sections of
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this introduction.
(1) Motor neurons begin to be born at ~e9.5 and attain a characteristic cellular
organization and specific identities by the time sensory afferents reach the ventral
spinal cord.
(2) Group Ia sensory neurons begin to be born at ~e10.5. Their projections enter the
limb at ~e13 later than the motor neuron axons which enter the limb about 2 days
earlier. Sensory afferents enter the spinal cord through the dorsal root entry zone
at ~e14.
(3) In the limb, sensory-muscle connections continue to be established until ~e14.5
while the central afferents travel down through the dorsal spinal cord.
(4) Sensory motor connections begin to be established at ~e16. Sensory afferents
form projections onto motor neurons projecting to the same muscle
(homonymous) and motor neurons projecting onto synergistic (heteronymous)
muscles but they avoid projecting onto the motor neurons corresponding to
antagonistic motor pools.
(5) Sensory afferents make mono- or poly-synaptic connections with motor neuron
cell bodies.
(6) The mono-synaptic connections onto the homonymous and synergistic motor
neurons are established with different strengths.
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Figure 1.4

Figure 1.4. Diagram shows the sequence of major developmental events during the
establishment of the sensory-motor connections in mouse. The middle line shows the
embryonic time points. Pink colored bars denote the developmental stages for by
sensory neurons, green colored bars denote developmental stages for motor neurons.
Yellow bar represent the formation of sensory-motor connections (Adapted from(Ladle
et al., 2007).

Which of the mechanisms explained in the previous section are utilized in the
formation of specific sensory-motor connections? To begin to ask questions about the
establishment of connectivity in the monosynaptic reflex arc, a thorough understanding of
the organization, topographic and functional relationships between the components of the
circuit is necessary. In the following section, the development and the organization of the
limb musculature, spinal motor neurons and sensory neurons are explained followed by a
summary of the current understanding of the mechanism of establishing monosynaptic
sensory-motor connectivity.

1.3.1. Development and organization of the limb musculature.
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The earliest stage of limb development is the lateral outgrowth of a portion of the
lateral plate mesoderm at a stereotypic position along the embryonic axis that is
controlled by mostly unknown mechanisms. The early limb bud consists of a
proliferating mass of apparently undifferentiated mesenchymal cells enveloped by a layer
of ectodermal cells. In the following stages, additional outgrowth and the establishment
of several signaling centers that act to define cell fates along the three main limb axes
shape the true limb bud (Loomis et al., 1996; Niswander et al., 1994; Niswander et al.,
1993; Parr and McMahon, 1995; Towers and Tickle, 2009; Zeller et al., 2009). These
axes are: proximal-distal (P-D) axis (e.g., from shoulder to finger tip), anterior-posterior
(A-P) axis (e.g., from thumb to digit five), and dorsal-ventral (D-V) axis (e.g., the back of
the hand to the palm).

Following the generation of the muscle masses, muscles begin to split. Dorsal and
ventral muscle masses subdivide into dorsal and ventral hip (proximal hip), thigh
(quadriceps, hamstrings and adductors), shank (posterior and anterior crural) and foot
muscle masses; and finally these masses segregate into individual muscles. Myotubes are
precisely oriented from the onset and this orientation reflects the adult pattern of muscle
organization. Muscle cleavage occurs in a stereotyped manner following a precise
sequence of events, generally progressing in a proximal to distal direction (Kardon, 1998;
Schroeter and Tosney, 1991). By the end of this process, the limb has more than 50
muscles arranged in a precise and reproducible pattern.

The accurate placement of individual muscles around the bones carries utmost
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importance since it is directly related to the muscle‘s effects on movement. Within the
four broad muscle domains (hip, shank, thigh, foot) each muscle has a unique origin and
insertion point in relation to the joints. Each muscle follows a unique path between origin
and insertion, which is not always an undistorted, straight line. Their anatomical
placement confers individual muscles the ability to participate in one or multiple of the
available

joint

movements

classified

as

eversion/inversion

(ankle

only),

abduction/adduction and extension/flexion. Inversion and eversion are the movement of
the sole of the foot inward or outward so that the soles face each other or away from each
other. Abduction and adduction are characterized by rotating the leg and pelvis to the
inside or outside of the body's center line. Flexion and extension bend and straighten a
joint respectively.

To understand the contributions of positional and structural characteristics of
individual muscles to the generation of movement, several groups modeled the cat
hindlimb and evaluated muscles while simulating different limb actions (Burkholder and
Nicols, 2000; Lawrence et al., 1993; Young et al., 1993). By quantitatively analyzing the
musculoskeletal anatomy of the cat hindlimb, individual muscles are assigned a unique
force direction or moment arm which represents the primary action of individual muscles
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Figure 1.5. Mechanical interactions among hindlimb muscles.
A. Mechanical similarity of muscle actions. Increasing thickness of frontlashes indicates
increasingly similar actions; increasing thickness of backlashes indicates increasingly
opposing actions. For example, the medial and lateral gastrocnemius both flex the knee
and extend and abduct the ankle but they have opposing abduction and adduction actions
at the knee.
B. Moment arms of different ankle muscles of modeled cat limb. For instance the angle
between

. These calculations give rise

to the interactions plotted in A. (Abbreviations as in Figure 1.2. Diagrams from
Burkholder and Nichols, 2000)
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(Figure 1.5). These studies showed that there is no redundancy between the moment arms
of different muscles meaning that they each cause a unique effect on the position of the
skeletal system. Even muscles that exert the same effect on a given joint differ in their
complete action. For instance the lateral gastrocnemius and medial gastrocnemius both
function as knee flexors and ankle extensor and abductors however they have opposing
abduction or adduction actions at the knee (Nichols, 2002). Similarly by virtue of its
positions, the plantaris has an action very similar to lateral gastrocnemius at both the knee
and ankle, but it has a separate action at the toes. Comparing their complete actions,
functional relationships between muscle pairs were documented (Burkholder and
Nichols, 2000). This comparison of the angles between the movement arms of individual
muscles is instrumental in revealing functional agonist and antagonist muscle groups for
as well as other mechanical pairings (Figure 1.5).

1.3.2. Development and organization of motor neurons.

1.3.2.1 Cellular arrangement of motor neurons

Motor neurons are grouped in longitudinally positioned columns

The anatomical organization of motor neurons has been studied extensively for
more than a century. In understanding the cellular architecture of motor neurons the axes
of organization carries importance. The positions of motor neurons along the rostrocaudal (anteroposterior), medio-lateral and dorso-ventral axes carry functional
significance. First, motor neurons are grouped along the rostrocaudal axis into several
longitudinal columns that were first observed by Waldeyer (Waldeyer, 1888). Later
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studies revealed that the axons of these columnar groupings select specific muscles as
their peripheral targets (Hollyday, 1980; Hollyday and Hamburger, 1977; Landmesser
and Morris, 1975; Tosney and Landmesser, 1985b). Motor neurons innervating limb
muscles are present at only fore- and hindlimb levels of the spinal cord and constitute the
brachial and lumbar lateral motor columns (LMC), respectively. Within the LMC, motor
neurons that project dorsally at the base of the limb to innervate dorsal limb musculature
are grouped in the lateral subdivision of the LMC (LMCl), while motor neurons that take
a ventral trajectory are grouped in the medial subdivision of the LMC (LMCm)
(Landmesser, 1978b) (Figure 1.7).

In addition to the lateral motor columns, the medial (later called median) motor
column (MMC) occupies all spinal levels constituting a continuous population of cells.
At thoracic levels, neurons of the MMC project to axial muscles (Gutman et al., 1993).
Also at thoracic levels two other columns are observed: the hypaxial motor column
(HMC, previously called lateral MMC), whose neurons occupy a ventrolateral position in
the ventral spinal cord and innervate the body wall muscles, and the preganglionic motor
column (PGC), whose neurons migrate to a dorsomedial (in chick) or a dorsolateral (in
mouse) region and innervate the sympathetic chain ganglia (Cornbrooks et al., 1997;
Prasad and Hollyday, 1991)

Motor neurons are grouped as motor pools

Motor neurons projecting to the same muscle are clustered in nuclei called motor
pools with characteristic rostrocaudal extents of a few spinal segments (Goering, 1928;
Romanes, 1951, 1964; Sherrington, 1892; Waldeyer, 1888). Several studies investigated
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the relationship between the location of these motor pools and their respective muscle
targets in different species including the frog (Brissaud, 1903), rat (Elliott, 1944), mouse
(McHanwell and Biscoe, 1981), cat (Vanderhorst and Holstege, 1997) and chicken
(Hollyday and Jacobson, 1990; Landmesser, 1978b). It was found that each motor pool
occupies a characteristic position along the rostro-caudal, medio-lateral and dorso-ventral
axes of the spinal cord. Moreover, there is a general pattern of organization such that
motor pools innervating proximal muscles in each limb are positioned rostrally within the
LMCs whereas motor pools innervating distal muscles are positioned at more caudal
brachial and lumbar levels (Figures 1.6 and 1.7).
Columelar organization of motor pools
Classical anatomical studies have revealed that motor pools adhere to a higher
order organizational plan in which the set of pools that controls muscles with synergistic
functions at an individual limb joint are themselves grouped together into longitudinally
arrayed mini-columns, termed columels (Figure 1.6, (McHanwell, 2009; Romanes, 1941,
1951; Vanderhorst and Holstege, 1997). There is a tight topographic link between the
intraspinal position of motor columels and the location of their target limb muscles,
organized along two orthogonal axes. The dorsoventral position of a motor columel in the
spinal cord exhibits a strict linear correlation with the distal-to-proximal position of its
synergistic target muscle groups (Figure 1.6, (Burkholder and Nichols, 2004; Romanes,
1951; Vanderhorst and Holstege, 1997). Furthermore, the mediolateral position of a
motor columel conforms to the ventral or dorsal origin of its target muscle group
((Landmesser, 1978b; Romanes, 1951).
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1.3.2.2 Sequential transcriptional programs create motor neuron identities and
organization

Generation of motor neurons

Acquisition of a spinal cord character starts with caudalization of the neural tube
followed by patterning along the dorso-ventral axis to diversify cell types at individual
segmental levels (Jessell, 2000). Exposure of the neural tube to fibroblast growth factor
(FGF) expressed in the paraxial mesoderm and in two axial mesodermal structures Hensen‘s node and the primitive streak - specifies the fates of motor columns along the
rostro-caudal axis (Liu et al., 2001). While higher FGF levels induce a more posterior
fate, anterior segmental fates requires the combined use of FGF and retinoic acid (RA)
signaling mechanisms. The RA-synthesizing enzyme retinaldehyde dehydrogenase 2
(RALDH2) is expressed at higher levels in paraxial mesoderm cells flanking the brachial
levels of the spinal cord than in those flanking thoracic and lumbar levels (Berggren et
al., 1999; Niederreither et al., 1997; Sockanathan et al., 2003) resulting in increased RA
activity in the brachial spinal cord. While RA signaling alone induces cervical motor
neuron character, a balanced combination of RA and FGF has been shown to induce
brachial motor neuron character (Figure 1.7; (Liu et al., 2001).
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Figure 1.6. Motor neuron columelar organization in the mammalian spinal cord
A. Motor neurons projecting to a single pool are organized in motor pools. Motor pools
of synergistic muscles cluster together to create structures called columels. Muscle A
represents a single muscle.
B. The rostrocaudal arrangement of motor columels in cat lumbosacral spinal cord.
Color-coded motor neuron columelar sets: dark blue/ proximal hip (PH), gray/ iliopsoas
(IP), light green/adductors (A), pink/quadriceps (Q), orange/ hamstring (H), red/anterior
crural (AC), dark green/posterior crural (PC), purple/ foot (F). Lumbar (L) and sacral (S)
segmental levels are indicated. Diagram derived from data in Vanderhorst and Holstege,
1997.
C. The proximodistal position of muscle synergy groups in the cat hindlimb. Color codes
and abbreviations as in A.
D. Holstege-Nichols linearity. The relationship between the dorsoventral (DV, μm)
position of specific motor pools in cat lumbar spinal cord and the proximodistal (PD, cm)
position of the target muscle groups in cat hindlimb. Linear regression coefficient = 0.93.
Color code as in A. Colored fields represent columelar/synergy groups, and individual
points mark specific motor pools and limb muscles. Muscle and motor neuron key: 1
iliopsoas, 2 psoas major, 3 psoas minor, 4 obturatus internus, 5 gluteus maximum, 6
gluteus medius, 7 tensor fasciae lator, 8 caudofemoralis, 9 pectineus, 10 adductor
magnus, 11 adductor brevis, 12 adductor longus, 13 gracilis, 14 vastus medius, 15 rectus
femoris, 16 vastus lateralis, 17 vastus intermedius, 18 biceps femoris ant., 19
semimembranosus, 20 semimembranosus ant. 21 semimembranosus post., 22
semitendinosus, 23 biceps femoris post., 24 gastrocnemius medialis, 25 soleus, 26 tibialis
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posterior, 27 plantaris, 28 gastrocnemius lateralis, 29 extensor digitorum longus, 30
peroneus longus, 31 tibialis ant., 32 adductor digitii, 33 interossei, 34 flexor digitorum
brevis, 35 n. tibialis, 36 flexor digitorum longus, 37 flexor hallucis longus. Motor pool
identity and dorsoventral position from Vanderhorst and Holstege, 1997. Proximodistal
muscle position from Burkholder and Nichols, 2004. The topographic registration of
columels and their muscle synergy groups is not evident for individual motor pools
within a columelar group, which exhibit no fine-grained positional correlation with
individual muscle targets within a synergy group. See methods for an explanation of how
the plot is generated.
E. Columelar organization along the dorsoventral axis of the lumbar lateral motor
column. Rostrocaudal segemental position (shown in A) has been conflated to generate a
single 2-dimensional image. Columels have been assigned to one of four dorsoventral
tiers that correspond to innervation of muscles that, by and large, control individual
joints: tier 1 = foot; tier 2 = ankle; tier 3 = knee; tier 4 = hip. Columels in tiers 2 and 3
occupy medial (PC) or lateral (AC), or both (A) divisions of the lateral motor column.
The approximate position of relevant motor pools (IF intrinsic foot; GS gastrocnemius;
TA tibialis anterior; GL gluteus; BF biceps femoris; ST semitendinosus) within parental
columelar groups is shown. Color code as in B.
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Early dorsoventral patterning of the neural tube defines the motor neuron progenitor
domain
Once the caudal neural tube acquires a spinal cord character, patterning along the
DV axis leads to the diversification of cell types at individual segmental levels (Jessell,
2000). Experimental evidence suggests that sonic hedgehog (Shh) secreted from the
notochord and floor plate, together with RA supplied by the paraxial mesoderm, provide
the signaling environment required for the induction of ventral neuronal subtypes
(Ericson et al., 1996; Novitch et al., 2003; Pierani et al., 1999; Roelink et al., 1995).
Retinoid signaling and Shh gradient activity regulate the expression of class I and class II
homeodomain (HD) proteins to specify five distinct ventral progenitor domains. Crossrepressive interactions between these HD proteins delineate the boundaries of the five
progenitor domains, of which four generate various interneuron subtypes (p0, 1, 2, and 3)
(Briscoe and Ericson, 2001; Briscoe et al., 2000; Lee and Pfaff, 2001). The fifth
progenitor domain (pMN) gives rise to motor neurons and is marked by the combined
expression of Nkx6.1, Nkx2.2 and Irx3 transcription factors (Briscoe et al., 2000; Tanabe
et al., 1998). In addition to these transcription factors, the bHLH protein Olig2 is
expressed exclusively within the pMN domain. Olig2 promotes the expression of proteins
such as homeodomain transcription factors such as MNR2, Hb9 and Lhx3/4, which act as
determinants of motor neuron cell type (Fu et al., 2002; Mizuguchi et al., 2001; Novitch
et al., 2001; Zhou and Anderson, 2002). Furthermore, it promotes the expression of
proneural transcription factors Ngn2 and NeuroM (Math 3), which promote neurogenesis
through cell cycle exit and acquisition of generic neural characteristics (Lee et al., 2005;
Lee and Pfaff, 2003; Ma et al., 1999; Novitch et al., 2001).
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Molecular mechanisms determine the identity of motor columns along the rostrocaudal
axis.
The emergence of molecular characteristics of motor columns at restricted rostrocaudal spinal levels requires the coordinated activity of signaling pathways activated by
both retinoic acid from the paraxial mesoderm on the anterior and FGFs from the node in
more posterior spinal segments. These two molecules exert their effects on motor neurons
through the induction of Hox family member genes in neural progenitors and mature
motor neurons (Dasen et al., 2003; Liu et al., 2001; Marshall et al., 1992). The Hox gene
family is a highly conserved family of transcription factors present in all bilaterian
animals. Its members share a conserved homeopbox domain of 60 amino acids. In
mammals there are 39 Hox genes distributed in four clusters named Hoxa, Hoxb, Hoxc
and Hoxd. Temporal and spatial colinearities exist in each Hox gene cluster such that
genes close to the 3‘ end of the cluster are expressed earlier and anteriorly whereas genes
closer to the 5‘ end of the cluster are expressed later and in more posterior locations of
the body (Lemons and McGinnis, 2006).

Hox-a, Hox-c and Hox-d clusters are particularly important for the establishment
of motor columns. Hoxc6 is expressed by brachial motor neurons, Hoxc9 is expressed in
thoracic motor neuron progenitors and mature motor neurons, and Hoxd10 expression is
restricted to the lumbar spinal cord (Dasen et al., 2003; Lance-Jones et al., 2001; Liu et
al., 2001; Shah et al., 2004). Broad and overlapping patterns of Hox gene expression in
neural progenitors are refined through cross-repressive interactions between distinct
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Figure 1.7.Summary of molecular mechanisms of motor neuron development and
organization.
A. Motor neurons are organized as motor columns. Motor columnar identities are induced
by combined actions of retinoic acid (RA) and fibroblast growth factor (FGF). Motor
columns positioned in the limb levels are called Lateral motor column (LMC); Hypaxial
motor column (HMC) is positioned in the thoracic spinal levels. Median motor column
(MMC) exists throughout the spinal cord. LMC is divided into two subgroups lateral
LMC and medial LMC constituting neurons projecting to the dorsal and ventral limb
musculature respectively. Within the LMC, motor neurons are organized as motor pools.
B. Generation of columnar, divisional and motor pool identities depend on sequential
actions of transcription factors. Some of the major ones are shown in this diagram. Most
importantly, Hox proteins together with the co-activator FoxP1, give rise to the LMC and
divisional and pool identities within LMCs. MMC is generated with the influence of
Wnt4/5 whereas HMC does not rely on the mechanisms that LMC and HMC neurons do.
Generation of divisional identities requires differential actions of LIM transcription
factors. Retinoic acid signaling from LMCm neurons induces Lhx1 expression in LMCl
neurons to generate the LMCl character.
C. Effects of FoxP1 deletion on the generation of motor columns and pools. Deletion of
FoxP1 aborts the Hox mediated molecular programs that generate motor pool identities.
Furthermore, limb level motor neurons acquire and HMC-like identity and some maintain
a residual LMCl-like identity judged by their expression of Lhx1.
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Hox proteins to establish sharp boundaries of Hoxc6, Hoxc9 and Hoxd10 expression in
brachial, thoracic and lumbar levels respectively (Dasen et al., 2003). Hox proteins
specify distinct LMC and PGC motor columnar identities by regulating the expression of
column-specific genes.

Among these genes, the transcription factor forkhead box P1 (FoxP1) is
particularly important. FoxP1 is expressed in brachial and lumbar LMC neurons and in
the thoracic PGC, though at lower levels. FoxP1‘s action is similar to that of the
Drosophila transcription factor Slp1/2 which, in combination with cofactors
Extradenticle (Exd) and Homothorax (Hth), gates Hox activities (Gebelein et al., 2004;
Mann and Affolter, 1998; Moens and Selleri, 2006). The role of Slp1/2 as an accessory
factor to other cofactors of Hox genes is least partially fulfilled by FoxP1 in the
vertebrate spinal cord (Dasen et al., 2008; Rousso et al., 2008). Normally, brachial
expression of Hoxc6 induces expression of the enzyme RALDH2 in limb level motor
neurons, and Hoxc9 controls expression of bone morphogenetic protein 5 (BMP5) in the
Column of terni (known in rodents as PGC, (Dasen et al., 2003). Loss of FoxP1 results in
the loss of PGC and LMC identity in the majority of the limb level motor neurons (Dasen
et al., 2008; Rousso et al., 2008). Thus FoxP1, together with limb-level Hox genes,
specifies the columnar character of motor neurons.

While emergence of LMC and PGC depends on Hox genes, development of the
HMC and MMC does not. Uniquely, the MMC is found in all spinal levels and thus must
be immune to the segmentation effects of Hox genes. Indeed the acquisition of MMC
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neuronal fate involves the expression of the LIM homeodomain proteins Lhx3 and Lhx4
(Shirasaki and Pfaff, 2002), which render MMC neurons non-responsive to the columnar
patterning activities of Hox proteins (Dasen et al., 2008; Dasen et al., 2003; Dasen et al.,
2005; Tsuchida et al., 1994). Lhx3 is transiently expressed in all motor neurons but only
maintained in the MMC neurons. Recently it was discovered that a dorsoventral Wnt4/5
signaling pathway specifies MMC character through maintenance of Lhx3 expression,
thereby precluding neurons from pursuing the FGF-Hox pathway (Agalliu et al., 2009).

These studies provide a general understanding of the mechanisms that generate
motor neuron columnar identities. Motor neuron differentiation is initiated by Shh
signaling. The effect of the dorsoventral Wnt4/5 program ensures maintenance of Lhx3
expression and thus promotes acquisition of MMC fate. FGF signaling along the
anteroposterior axis induces differential Hox gene expression to induce segmental
characters of LMC and PGC motor columns. Yet another population of motor neurons in
the thoracic spinal cord is immune to both Wnt4/5-Lhx3 and FGF-Hox pathway. These
cells constitute the HMC (Figure 1.7). In the absence of FoxP1, the majority of motor
neurons acquire HMC-like identities.

Divisional identities and dorsoventral projection choice is directed by transcriptional
identities
Within the lateral motor columns, motor neurons are segregated into medial and
lateral divisions. Divisional segregation groups motor neurons projecting to the ventral
limb musculature in the medial (LMCm) and those projecting to the dorsal limb
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musculature in the lateral (LMCl) LMC divisions ((Landmesser, 1978a; Tosney and
Landmesser, 1985a, b). The anatomical segregation of motor neuron cell bodies is
accompanied by differential expression of transcription factors. LMCm neurons are born
prior to the LMCl neurons and are delineated by the expression of RALDH2
(Sockanathan and Jessell, 1998) and LIM homeodomain transcription factors, Isl1 and
Isl2 (Tsuchida et al., 1994). Later born LMC neurons migrate through the early born
LMCm neurons in an inside out manner to settle in lateral positions. While migrating
through the LMCm cells, the future LMCl cells are exposed to retinoids generated by
LMCm neurons which induce the expression of the LIM homeodomain transcription
factor Lim1/Lhx1 and repress the expression of Isl1 (Sockanathan and Jessell, 1998)
(Figure 1.7).

The medial or lateral divisional identity of an LMC neuron dictates the selection
of an initial ventral and dorsal axonal trajectory as its axon invades the developing limb.
Loss- and gain-of-function experiments for Lim1/Lhx1 and Isl1 indicate that expression
of these proteins is necessary for directing motor axon projections to the dorsal or ventral
limb, respectively (Jessell, 2000; Kania and Jessell, 2003). Transcription factors alone
cannot control axon guidance programs; rather, they control the expression of axon
guidance receptors. Dorsoventral projection choice of LMC motor neurons were shown
to be regulated in part by interactions between the Eph receptor tyrosine kinases and their
ligands, the ephrins. EphA receptors bind with high affinity to ephrinA ligands that are
tethered to the cell membrane whereas EphB receptors bind transmembrane ephrinB
ligands (Davis et al., 1994).
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EphA4 is expressed in LMCl axons and can be induced by Lim1/Lhx1 (Kania and
Jessell, 2003). In EphA4 mutant mice LMCl motor axons misroute to innervate the
ventral limb musculature (Eberhart et al., 2002; Kania and Jessell, 2003). However, not
all motor axons were found to misroute in all mutant mice examined (Coonan et al.,
2003; Helmbacher et al., 2000; Kramer et al., 2006) suggesting that additional
mechanisms might contribute to the dorsal projection choice of LMCl motor axons.
Interestingly, a reverse distribution of receptor and ligand is also observed such that the
limb mesemchymal cells express EphA4 receptors and LMC axons contain ephrinA
ligands, which might also direct the motor axons in the limb (Iwamasa et al., 1999;
Marquardt et al., 2005a; Marquardt et al., 2005b). In addition, limb mesenchymal cells
express glial cell line-derived neurotrophic factor (GDNF) and LMCl neurons express cRet receptor on their axons. Interactions between these two were shown to guide a subset
of lateral LMC axons into dorsal limb mesenchyme (Kramer et al., 2006). More recently,
the molecular mechanisms directing LMCm axons to the ventral limb mesenchyme have
been discovered to rely on EphrinB:EphB signaling (Luria et al., 2008). In this
mechanism, EphB receptors are concentrated on LMCm axons and EphrinB2 is
expressed by cells of the dorsal limb mesenchyme. Analysis of axonal projection
behaviors in the EphrinB2 and EphB mutant mice and in chick embryos with perturbed
EphrinB:EphB signaling showed that repulsive signals provided by the dorsal limb
mesenchyme repel projections of LMCm axons.

Motor neuron pool characteristics are determined by transcription factors
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Once motor columns are established a second differentiation program takes effect
to generate motor pools. An intricate cross-repressive network of Hox transcription
factors demarcates the rostro-caudal boundaries of motor pools and assigns a unique Hox
transcriptional identity to each pool (Dasen et al., 2005). These transcriptional identities
together with the accessory effects of FoxP1 promote expression of genes that are
downstream of Hox genes. The effects of Hox-induced pool identities are observed in
early- and late-appearing characteristics of motor pools including clustering and
positioning, projection decisions in the limb, and dendritic arborizations (Figure 1.7).

Motor pool clustering and position is directed by the transcriptional identities of motor
pools
When motor neurons first start to acquire their transcriptional identities, the cell
bodies of a given motor pool are interspersed. Later, upon target contact, motor neuron
cell bodies cluster together and settle in specific medio-lateral and dorso-ventral
positions. What molecules mediate the clustering of motor neurons and determine their
settling positions? LIM homeodomain proteins regulate the columnar and divisional
settling positions of spinal motor neurons, as well as the initial selection of axonal
trajectories to axial and limb muscles (Sharma and Izpisua Belmonte, 2001). The
clustering of cell bodies and the precise positioning of motor neuron pools are imposed
by pool-specific profiles of expression of Nkx6 homeodomain and ETS transcription
factors (De Marco Garcia and Jessell, 2008; Livet et al., 2002).
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In explaining how these transcriptional identities are translated to cell body
positioning and clustering, the cadherin family of homophilic adhesion molecules has
provided valuable insights. In the developing chick spinal cord, motor pools are
delineated by unique combinatorial profiles of type II cadherin expression (Price et al.,
2002). The non-classical cadherin T-cadherin is expressed in subgroups of LMC motor
neurons (Fredette and Ranscht, 1994). Furthermore, the ETS gene Pea3, which causes
motor neuron cell body positioning defects in specific motor pools in mice was shown to
control expression of cadherin 7 and 8, possibly explaining the positional defects
observed in the Pea3 null mice (Livet et al., 2002). Additionally, it has recently been
shown that a wholesale disruption of classical cadherin-mediated recognition and
adhesion by abolishing β- and γ-catenin activities disrupts motor neuron cell body
positioning and clustering (Demireva et al., 2011).

Muscle target choice is directed by the transcriptional identities of motor pools
The target choice of motor pool axons in the limb has been shown in several
studies to depend on their pool identities. First, interfering with a motor neuron‘s Hox
profile directs its axons to a predicted alternative target. For example, the two brachial
motor pools projecting to the Pectoralis (Pec) and Flexor carpi ulnaris (FCU) muscles of
the chick are defined by Hoxc6,a4,c4 and Hoxa4,c4 expression, respectively (Dasen et
al., 2005). These combinations of Hox genes induce the pool-restricted expression of the
transcription factors Pea3 and Scip in the Pec and FCU pools respectively. Deletion of
Hoxc6 in chick embryos through RNAi injections in LMC cells caused a dramatic
reduction in the generation of Pea-expressing Pec motor neurons. In addition there was an
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increase in the number of Scip-expressing cells. Moreover, the newly acquired
transcriptional identities directed these ectopic Scip-positive cells to the FCU muscle
instead of their original targets the Pec muscle (Dasen et al., 2005). Thus, reprogramming
of Hox expression profiles is sufficient to direct motor axons to different limb muscle
targets, in accordance with their altered Hox status.

Studies in the mouse have produced more evidence for the importance of Hoxinduced transcriptional identities in establishing motor neuron-muscle connectivity
patterns. Hox genes are known to control the expression of members of the Nkx family of
homeodomain transcription factors in designated motor pools in the lumbar spinal cord
(Dasen et al., 2008; Dasen et al., 2005; De Marco Garcia and Jessell, 2008). Mice
deficient in Nkx6.1 expression show changes in muscle nerve branch formation and
innervation pattern. Forced expression of Nkx6.1 in motor pools that are normally
Nkx6.1off directs these neurons to normal targets of Nkx6.1on neurons (De Marco Garcia
and Jessell, 2008). However the exact molecules that mediate muscle target selection
remain unknown. Another study that emphasizes the significant roles of Hox
transcription factors and transcription factors and adhesion molecules that are
downstream of Hox genes is the analysis of limb innervation in the FoxP1 constitutive
null mice. In these mice, limb-level motor neurons were shown to innervate the limb
despite their altered columnar identities, and to follow similar trajectories in the limb as
compared to the control mouse embryos. However, since motor neurons did not carry any
motor pool-specific surface labels, it was thought that they made random projection
decisions when constrained by physical obstacles in the limb (Dasen et al., 2008).
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Dendritic and axonal branching are influenced by the transcriptional identities of motor
pools
In addition to their effects on axonal targeting, motor pool identities have been
shown to control the arborization profiles of axons and dendrites. This is exemplified by
the case of the motor pool projecting to the cutaneous maximus (CM) and latissimus
dorsi (LD) muscles. These motor neurons are marked by the expression of the
peripherally-induced ETS transcription factor Pea3 at brachial levels of the mouse spinal
cord. Ablation of Pea3 by genetic inactivation showed that motor axons can arrive at the
base of the correct muscle targets but largely fail to form terminal axonal arbors (Livet et
al., 2002). Similar phenotypes are observed in animals lacking the glial cell-derived
neurotrophic factor (GDNF), which is provided by the developing limb to induce Pea3
expression (Haase et al., 2002). In addition to its effects on axonal morphology, Pea3 was
also shown to control the formation of motor neuron dendritic trees. The morphology of
dendritic trees is shared by all alpha motor neurons of a given motor pool and is thought
to influence the effects of connections with sensory and interneurons for appropriate
temporal activation of motor pools during locomotion (Glover, 2000). For instance, the
Pea3-expressing motor pools CM and LD possess laterally extending dendritic trees in
compliance with their close proximity to the border between the gray and white matters
of the spinal cord. The triceps (Tri) and pectoralis (Pec) motor neurons possess radiallyoriented dendritic trees. Absence of Pea3 causes the motor neurons projecting to the CM
muscle to acquire a radial dendritic arborization similar to that of the Tri motor neurons
(Vrieseling and Arber, 2006). However, it is not clearly understood whether this change
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in dendritic arborization is a by-product of a positional shift of the cell bodies of the CM
motor neurons or solely associated to the loss of Pea3.

1.3.3. Development of sensory neurons and sensory afferent projections in the spinal
cord.

Generation of sensory neurons
Generation and differentiation of DRG sensory neurons from neural crest cells is
under the control of transcription factors. Generation of proprioceptive sensory neurons
begins at e10.5, about one day earlier than generation of nociceptive sensory neurons.
The combinatorial activities of two proneural transcription factors of the basic helix-loophelix class - neurogenin 1 (Ngn1) and neurogenin 2 (Ngn2) - are chief contributors to the
generation of DRG neurons. The absence of these two transcription factors completely
abolishes the generation of DRG neurons (Ma et al, 1999)

Once generated, DRG neurons undergo an additional differentiation program. Runx
and ETS transcription factor signaling act to subdivide broad subtypes of DRG neurons
into distinct neuronal populations. Runx3 is expressed in an Ngn1-independent group of
neurons that expresses both TrkB and TrkC. Within this population, Runx3 suppresses
TrkB expression to generate proprioceptive sensory neurons that express only TrkC.
Runx1 controls neuronal diversification within Ngn1-dependent TrkA+ neurons to give
rise to cutaneous sensory neurons of nociceptive and thermoceptive type. TrkB is
expressed by a subpopulation of cutaneous mechanoreceptive neurons (Arber et al., 2000;
Bibel and Barde, 2000; Huang and Reichardt, 2003; Inoue et al., 2002; Levanon et al.,
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2002; Lin et al., 1998). Trk receptor signaling has been shown to control many aspects of
DRG neuronal survival and differentiation (Huang and Reichardt, 2001; Lefcort et al.,
1996). Trk kinases serve as receptors for the neurotrophins NGF, BDNF and NT-3, and
define the three major subclasses of DRG neurons.

Roles of sensory neuron molecular programs in establishing sensory-motor specificity
The transcription factor identities of sensory afferents also dictate their connectivity
with post-synaptic targets by controlling their targeting decisions in the spinal cord.
When Runx1 expression is forced at early developmental stages in all DRG neurons via a
gain-of-function approach, the emergence of a peptidergic character in TrkA+ cells is
suppressed. Furthermore, overexpression of Runx1 drives TrkA+ axons to extend beyond
their normal spinal target field into the deeper layers of dorsal horn (Kramer et al., 2006).
Similarly, the level of expression and/or activity of Runx3 has been shown to have effects
on the dorso-ventral position of termination of proprioceptive sensory afferents. Lack of
Runx3 severely impairs the projection of proprioceptive axons into the spinal cord
(Levanon et al., 2002; Inoue et al., 2002). Intermediate levels of Runx3 activity directs
the axons of proprioceptive sensory axons to the intermediate termination zone where
they contact interneurons and high levels of Runx3 activity direct proprioceptive sensory
afferents into the ventral horn (Chen et al., 2006). Moreover mice deficient in Runx3
show uncoordinated, ataxic movements, showing that Runx3 is essential for
proprioceptive afferent development.

In mice, the ETS transcription factor Er81 is expressed by all proprioceptive
afferents. Mice mutant for Er81 do not exhibit defects in early neuronal specification or
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initiation of peripheral projection. Instead they display specific defects in late circuit
assembly (Arber et al., 2000, Livet et al., 2002, Vrieseling and Arber, 2006). In the
absence of Er81, some group Ia afferents terminate prematurely in the intermediate spinal
cord, and some proprioceptive sensory neurons die (Arber et al., 2000). This leads to an
almost complete absence of monosynaptic connections between Ia afferents and αmotoneurons. Er81 may influence proprioceptive axonal projection pattern by enhancing
Runx3 expression and/or activity.

In addition to transcription factors, cell-adhesion molecules from the
immunoglobulin super family were proposed to be involved in the projection of sensory
axons in the spinal cord. In chick embryos, F11/F3/contactin is expressed by
proprioceptive DRG neurons. When the function of F11 was disrupted by antibody
sequestration, the group Ia sensory projections no longer developed into the ventral spinal
cord. Moreover, blocking binding partners of F11 also disrupted group Ia projections
(Perrin et al., 2001).

Roles of peripherally-induced factors in establishing sensory-motor specificity
The significant role of peripherally-induced transcription factor Er81 in the
development of sensory motor connectivity raises the question of whether there are other
peripherally-induced molecules or signals controlling aspects of sensory-motor
connectivity. Another such molecule is neurotrophic factor 3 (NT3), which is a member
of the nerve growth factor-related family of neurotrophins that regulate neuronal survival,
differentiation and axonal growth (Hory-Lee et al., 1993). NT3 is produced by skeletal
muscles and regulates the number of proprioceptive sensory neurons through a naturally-
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occurring period of cell death. Deletion of the genes coding for NT3 or its specific
receptor TrkC in mice lead to a virtually complete loss of these sensory neurons (Ernfors
et al., 1994; Klein et al., 1994). Moreover, NT3 was also found to stimulate branching of
proprioceptive axons (Ozdinler et al., 2004; Ulupinar et al., 2000) and is critical for the
expression of the ETS transcription factor Er81 (Arber et al., 2000; Patel et al., 2003).
NT3 overexpression during development induces inappropriate synaptic strengthening
and can result in loss of specificity of the Ia-motor neuron connection. Together, these
studies indicate that NT3 plays several roles throughout the development of sensory and
motor neurons in the spinal cord.

Surgical transplantation experiments provide more evidence that peripherallyinduced factors in sensory neurons contribute to the development of specific sensorymotor connectivity patterns. In young tadpoles, transplantation of DRGs from midthoracic spinal levels to brachial levels forces the thoracic sensory neurons to innervate
forelimb instead of the thoracic muscles (Smith and Frank, 1987). In this experiment, not
only do sensory afferents form normal muscle spindles in forelimb muscles, but they also
arborize within the brachial spinal segments and establish monosynaptic connections with
limb motor neurons. Strikingly, the patterns of specificity of these monosynaptic
connections are normal. In support of this result, when the thoracic ganglion is left in its
normal location but forced to innervate limb muscles instead of thoracic muscles, these
afferents made novel projections into the brachial spinal cord and established functionally
appropriate monosynaptic connections with limb motor neurons (Frank and Westerfield,
1982; Smith and Frank, 1988). These results show that peripheral factors have an
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important role in the development of sensory-motor connectivity and that these factors
are most likely not located in the immediate vicinity of the sensory neuron cell bodies.

It is not currently known from where in the periphery these inductive cues are
derived. One study suggests that these factors are located in the limb rather than the more
proximal elements sensory afferents encounter on their way to the limb. In an experiment
where a dorsal limb is transplanted in place of the ventral limb in the chick, sensory
afferents which normally innervate ventral muscles were found to establish projections
into the transplanted dorsal limb (Lance-Jones, 1986; Wenner and Frank, 1995). In these
animals muscle afferents that project peripherally to a particular dorsal duplicated muscle
make functional connections specifically with dorsal motor neurons that supply the
corresponding normal dorsal muscle. This experiment therefore suggests that the
positional cues responsible for establishing specific connectivity are located in the limb
tissue itself, not in proximal parts of the pathway or directly on the motor neurons.

1.3.4. Uncovering the mechanism of establishment of the sensory-motor reflex arc:
current understanding and remaining questions
How do these peripherally induced sensory identities show their effect in
establishing specific sensory-motor connections? It has been hypothesized that the
molecular mechanism of establishing sensory-motor connectivity is based on an intricate
molecular recognition between the incoming sensory afferents and motor neurons.
Several studies which caused the emergence of this thought are summarized here.

55
It is generally accepted that wiring the sensory-motor reflex arc does not depend
on electrical activity during development and that monosynaptic connectivity patterns are
established with specificity as soon as they are formed. Several lines of evidence in frogs,
chick and mice suggest that the monosynaptic connections form in a precise adult-like
pattern from the onset (Frank and Westerfield, 1983; Lee and O'Donovan, 1991) (Mears
and Frank, 1997). Most prominently, blocking coordinated neurogenic activity by chronic
application of d-tubocurarine (dtc) in chick embryos when sensory-motor connections are
formed, caused no change in the specificity of monosynaptic connections although some
differences were observed in innervation patterns within synergy groups (Mendelson and
Frank, 1991). In addition, early electrophysiological experiments in fetal and neonatal cat
have shown that the pattern of monosynaptic connections is for the most part set from the
onset and that rearrangements were minimal (Eccles et al., 1963).

In addition to the activity-independent wiring of sensory neurons, the expression
pattern of some genes in the sensory and motor neuron populations supported the
hypothesis that surface recognition between sensory afferents and motor neurons might
provide the basis of specific connectivity. For instance, two members of the ETS family
of transcription factors, Er81 and Pea3, are expressed selectively in distinct motor pools
(Arber et al., 2000; Lin et al., 1998). It was found that in chicken, there is a high degree
of coincidence in the expression of Er81 and Pea3 in sensory and motor neurons
supplying the same muscle (Lin et al., 1998). Therefore the coincident pattern of
expression of ETS genes in motor and sensory neurons was thought to give rise to
selective adhesion between homonymous sensory and motor neurons.
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The presumptive cellular recognition between Ia afferents and motor neurons is
likely to be mediated by cell-surface proteins. One such family of molecules is the
cadherins, which are homophilic recognition molecules. Indeed expression of different
members of the cadherin family was reported in both motor neuron and sensory neuron
populations. As discussed above, motor neurons express different combinations of
cadherins during development. One function of this combinatorial expression of
cadherins in different motor pools seems to be the clustering of motor neurons belonging
to a motor pool. Type II cadherins are also expressed by distinct subpopulations of DRG
sensory neurons. In addition to the classical cadherins, another class of cadherin-related
neuronal receptors (CNR) is also expressed in subsets of sensory and motor neurons
during development (Carroll et al., 2001). These genes have more than 20 splice variants
and CNR proteins were found to be located in synaptic complexes suggesting that they
might have a role in target recognition (Kohmura et al., 1998). These expression patterns
suggest that a cadherin interaction code in sensory and motor neurons might contribute to
the establishment of specific sensory-motor connectivity patterns.

The contribution of motor neuron identity to a potential molecular recognition
mediated by the ETS gene Pea3 was studied in mice through genetic methods. In the
brachial spinal cord, Pea3 is expressed in motor neurons projecting to the cutaneous
maximus (CM) and latissimus dorsi (LD) muscles. The effects of the loss of Pea3 on
synaptic connectivity were studied in two sensory-motor reflex arcs of the forelimb: the
triceps (Tri) reflex arc and the CM reflex arc. Tri motor neurons receive direct
monosynaptic inputs from the group Ia sensory afferents projecting to the Tri muscle,
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whereas CM is an atypical reflex arc in which CM motor neurons do not receive
monosynaptic inputs from CM afferents (Vrieseling and Arber, 2006). These two reflex
arcs are also functionally unrelated with each other, meaning that Tri sensory afferents do
not project onto CM motor neurons and CM sensory afferents do not connect
monosynaptically to the Tri motor neurons. In the absence of Pea3, electrical recordings
from motor neurons projecting to the CM muscle showed monosynaptic responses upon
stimulation of Tri afferents, an aberrant connectivity pattern never observed in wild types
(Vrieseling and Arber, 2006).

The reasons for these connectivity errors are difficult to pin down because of the
changes observed in the cellular character of CM-projecting muscles in the absence of
Pea3. Significant differences were observed in the dendritic organizations of the motor
neurons missing Pea3. In wild types, dendrites of CM motor neurons almost entirely
avoided the central gray matter and did not receive any monosynaptic sensory input. In
Pea3 mutant mice, dendrites of the CM motor neurons were arranged radially and
received direct, functionally inappropriate sensory input (Vrieseling and Arber, 2006). It
should be noted that in addition to the changes in the elaboration of dendrites, CM motor
neurons cell bodies show altered spinal cell-body positioning such that they are
positioned at locations that are normally occupied by the Tri motor pool. Moreover, ETS
genes are known to regulate the expression of homophilic cell adhesion molecules (Gory
et al., 1998; Price et al., 2002). In Pea3 mutant mice, motor neurons at brachial levels
show deregulation of Cad7 and absence of Cad8 expression (Livet et al., 2002). Also,
Pea3 regulates expression of class 3 semaphorin Sema3e, which is another cell surface
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recognition molecule that might contribute to cellular recognition between sensory and
motor neurons. All of the above mentioned cellular changes could contribute to the
documented connectivity defects; therefore, it remains unknown which signaling pathway
downstream of Pea3 interferes with specific connectivity.

A more recent study addressed the roles of Pea3-dependent Sema3e-Plexind1
signaling pathway. Sema3e is expressed in nearly all CM motor neurons but neither Pea3
nor Sema3e is expressed in the Tri motor neurons. One of the receptors of Sema3e,
Plxnd1 is expressed in nearly half of the proprioceptive sensory neurons. Among these,
Plxnd1 was expressed by ~80% of TrkCon proprioceptive neurons labeled retrogradely
from the cutaneous maximus muscle nerve, by ~50% of TrkCon triceps proprioceptors.
Analysis of connectivity patterns in the Plxnd1 and Sema3e mutant mice showed that the
combined expression of Sema3e and its receptor Plexind1 in the CM motor neurons and
sensory neurons respectively are responsible for the avoidance of forming monosynaptic
connections in the CM reflex arc. Moreover ectopic induction of Sema3e expression in
the Tri motor neurons reduces monosynaptic connections between triceps afferents and
motor neurons (Pecho-Vrieseling et al., 2009).

In summary Sema3e-Plexind1 interaction ensures that the CM motor neurons do
not receive direct sensory input. It is interesting to note that interfering with the Sema3ePlexind1 interaction does not change the cell body positioning of the CM motor neuron
cell bodies and only affects mono- vs. polysynaptic connectivity, leaving pool specific
sensory-motor connectivity intact. This would mean that the connectivity mistakes
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observed in the Pea3 mutant mice might be due to the change in the cell body position
combined with the changes in the dendritic orientation of the cells. Defects in cell body
positioning in the absence of Pea3 are likely to be caused by the loss of cadherin
mediated adhesion. What molecular programs downstream of Pea3 control dendritic
arborizations remains unknown.

All together these results show that a molecular recognition between sensory
afferents and motor neurons takes place which is capable of setting up monosynaptic
versus polysynaptic connections. However, as yet there is no experimental evidence to
support the hypothesis that molecular recognition is the ultimate source of connection
specificity in the sensory motor reflex arc. So far, the sophisticated transcriptional
identities of motor neurons seem to be required for the establishment of the connectivity
map in the limb by directing motor neuron axons to designated coordinate positions to
meet their appropriate muscle targets. These motor neuron transcriptional identities are
also required for the establishment of the cellular organization of motor neurons in the
spinal cord, including the accurate positioning and clustering of motor pools.

As yet, no compelling rationale has emerged to explain why the motor neurons
that innervate an individual muscle take the trouble to cluster themselves into precisely
positioned pools. When motor pool clustering and positioning is disrupted by inactivation
of cadherin/catenin signaling, the predictive link between motor pool character and
muscle innervation is not eroded (Demireva et al, 2011), and thus the clustering of motor
neurons into pools, whatever its purpose, is not a prerequisite for precise nerve-muscle
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mapping. Neuronal clustering might favor the formation of gap junctions between
functionally-related motor neurons and so enhance coherence in firing, in a way that
influences the stability of neuromuscular connections (Personius et al., 2001; Personius
and Balice-Gordon, 2001). But this idea does not account for the stereotypic positioning
of motor pools.

The existence of a tripartite motor-muscle-sensory topography raises the question
of whether the organization of motor neurons into motor pools and columelar units might
provide insight into the developmental strategies and mechanisms that specify patterns of
monosynaptic sensory-motor connectivity. The columelar arrangement of motor neurons
and the connectivity rules require sensory afferent terminals to be topographically
organized in register with the motor neuron and muscle organization. Could the motor
neuron organization contribute to the sensory-motor neural map formation by way of
placing motor neurons in positions to provide proximity between sensory afferents and
their anatomically correct targets? If so, what aspect of sensory-motor connectivity is
mediated by the molecular identities of sensory and motor neurons?

Conceptually, there are two major experimental strategies to approach these issues.
In one scenario one can scramble the positioning of motor neurons while leaving other
aspects of motor pool identity intact and assess how the sensory-motor connectivity
patterns are affected by the misplacement of motor neurons. This can be tested in mice
where cadherin/catenin signaling is disrupted (Demireva, 2011). However, these mice are
not viable after birth. An alternative strategy is to normalize motor neuron transcriptional
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identities such that no difference in motor pool character is observed regardless of the
muscle targets motor neurons choose. As explained above, such a manipulation can be
achieved by the deletion of the Hox accessory factor FoxP1 to eliminate Hox activity and
thus effectively inactivate the cellular programs that control all aspects of motor pool
identity, includingclustering and positioning. Constitutive FoxP1 null mutants die during
embryonic development because of early cardiac defects before sensory-motor
connections are formed (Wang and Morrisey, 2010). To overcome this problem we
generated mice in which FoxP1 is eliminated preferentially from spinal motor neurons,
and have taken advantage of the viability of this conditional mutant strain to examine the
impact of scrambling motor neuron position on patterns of sensory-motor connectivity.
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CHAPTER 2: Specific loss of FoxP1 expression in motor neurons impacts their
identity and peripheral connections
Summary:
The construction of spinal neural circuits is a multi-step process designed to form
connections between sensory and motor neurons in the spinal cord and their connections
with muscles in the periphery. This process begins with the formation of specific synaptic
connections between motor neurons and muscle targets. The importance of motor neuron
identity in the initial stages of motor neuron-muscle connectivity and target specificity
has recently emerged. Little is known about the importance of motor neuron identity on
later developmental stages of peripheral connectivity. In this chapter I attempt to provide
more insight into this issue by analyzing the impact of eliminating Hox/FoxP1-dependant
motor neuron identities on the formation and maintenance of muscle nerve connections,
and the development of terminal muscle nerve branching patterns. Additionally I address
how loss of motor neuron identities affects motor neuron survival.

Chapter 2.1. Introduction

The FoxP1/Hox transcriptional program governs motor neuron identity.
A pivotal step in the construction of spinal circuits – the diversification of spinal
motor neurons into discrete columnar and pool subtypes – is directed by a network of
Hox transcription factors (Figure 1.7). During development, spinal motor neurons
segregate into discrete columns, each innervating a different peripheral domain. Median
motor column (MMC) neurons innervate axial muscles, hypaxial motor column (HMC)
neurons innervate body wall muscles, preganglionic motor column (PGC) neurons
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innervate sympathetic ganglia, and lateral motor columns (LMC) innervate limb
musculature (Fetcho, 1987; Gutman et al., 1993; Hollyday, 1980; Landmesser, 1978b).
Within these columns, motor neurons exhibit refined positional identities that are
precisely matched with the location of their peripheral targets (Laskowski and Sanes,
1987; McHanwell and Biscoe, 1981; Smith and Hollyday, 1983; Vanderhorst and
Holstege, 1997). PGC and LMC neurons are specified by a rostrocaudal FGF signaling
gradient that establishes regional domains of Hox transcription factor activity: Hox6
paralogs specify brachial LMC neurons, Hox9 paralogs specify PGC neurons, and Hox10
proteins specify lumbar LMC neurons (Dasen et al., 2003; Liu et al., 2001; Shah et al.,
2004).

Within the LMC, a more intricate transcriptional network, built from over a dozen
Hox proteins, imposes discrete motor pool identities (Figure 1.7) (Dasen et al., 2005).
Hox proteins appear to be primary determinants of both identity and connectivity since
altering the Hox expression profile in specific motor neuron pools results in selective and
predictable changes in muscle target innervation (Dasen et al., 2005). Strikingly, the
transcriptional activities of the entire cohort of motor neuron Hox proteins have recently
been shown to depend on a key co-factor, the forkhead transcription factor P1 (FoxP1).
Constitutive inactivation of FoxP1 in mice short-circuits the Hox network. At limb levels
of the spinal cord, loss of FoxP1 function results in terminating the molecular programs
that generate LMC columnar identity. Instead the majority of limb level motor neurons
acquire HMC-like identities and a small group of them possesses LMC-like identities.
Moreover motor pool identities cannot be generated (Figure 1.7) (Dasen et al., 2008;
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Rousso et al., 2008).

Despite the loss of pool identity in FoxP1-null motor neurons, the axons of these
HMC-like motor neurons still enter the embryonic limb and reach most muscle targets.
The preservation of muscle innervation in the absence of motor pool identity makes the
FoxP1 mutant mice a unique model to study the molecular mechanisms gating sensory
and interneuron synaptic specificity onto motor neuron pools, and their relationship to
neuromuscular specificity – in essence the input/output coordination problem. However,
constitutive FoxP1 null mutant mice die during mid-gestation from heart defects (Wang
et al., 2004), precluding any analysis of these later steps in spinal circuit assembly. To
circumvent this problem, I have used a conditional FoxP1 mutant allele (Feng et al.,
2010) to generate mice specifically lacking FoxP1 in spinal motor neurons. Although my
primary goal in generating these mice was to study the contribution of motor neuron
identities to input/output specificity as presented in later chapters, I took advantage of
these mice to study the mechanisms of establishing motor neuron-muscle connectivity
which is the primary focus of this chapter.

Importance of motor neuron identity in early stages of muscle innervation is well
established
A number of studies have aimed to elucidate the role of motor neuron identity in
the formation of stereotypic/accurate connectivity maps between developing motor
neurons and muscles. Many surgical manipulation studies through spinal cord reversals
(Lance-Jones and Landmesser, 1980), limb bud reversals (Ferguson, 1983; Stirling and
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Summerbell, 1985), limb shifts (Lance-Jones and Landmesser, 1981), limb segment
deletions (Stirling and Summerbell, 1977; Whitelaw and Hollyday, 1983) and limb
duplications (Stirling and Summerbell, 1988) in chick embryos have led to the conclusion
that motor neurons acquire a specific identity very early in their development and this
specificity is manifested in the pattern of muscle nerve innervation. Furthermore, genetic
studies have shown that molecular identities of motor columns and pools, established by
an intricate combinatorial usage of LIM/Islet homeodomain genes and Hox gene codes,
confers motor neuron axons with accurate pathfinding properties in the limb to reach
correct muscle targets (Tsuchida et al., 1994; Sharma et al., 2000; Kania et al., 2000; De
Marco Garcia and Jessell, 2008; (Dasen and Jessell, 2009). Thus, early motor neuron
transcriptional identities are crucial in ensuring that the specific connections between
motor neurons and target muscles are formed with accuracy.

Importance of motor neuron identity on late stages of muscle innervation
Following the formation of motor nerve trajectories in the limb, the axons of LMC
neurons reach their specific targets and establish muscle-specific branching patterns
(Landmesser 1978). Although the importance of motor neuron identities for accurate
muscle targeting is clear, it is not yet understood whether motor neuron identities are
required for such refined programs of axonal growth and differentiation as muscle
specific terminal branching patterns. Direct evidence for the importance of motor neuron
pool identities in establishing specific terminal nerve arborizations was presented in the
study by Livet and colleagues where they knocked-out the ETS gene transcription factor
Pea3 in mice which is expressed in the brachial level motor pools projecting to the CM
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(Cutaneous Maximus) and LD (Latissimus Dorsi) muscles (Livet et al., 2002). Although
motor axons of the CM and LD pools were able to project to the CM and LD muscles
respectively, they failed to effectively invade the muscles and form terminal arborizations
similar to the wild type patterns. Thus motor pool identities of these two pools are
instrumental in establishing the late aspects of muscle innervation.

Pea3 expression in motor neurons is induced by glial cell-derived neurotrophic
factor (GDNF), which is expressed in the brachial plexus and by the CM and LD muscles
and is only effective on motor pools innervating these two muscles which express the
GDNF family receptor alpha 1 (Gfra-1) (Lin et al., 1998; Haase et al., 2002). The
peripheral induction of Pea3 in specific motor pools raises the question whether other
peripheral induction programs exist to produce a specific transcriptional identity in each
motor pool that is required for the formation of accurate terminal arborization patterns in
every muscle. Other neurotrophic factors such as hepatocyte growth factor/scatter factor
(HGF/SF) (Ebens et al., 1996), nerve growth factor (NGF) (Kennedy and TessierLavigne, 1995), and neurotrophin-3 (NT-3) (Kennedy and Tessier-Lavigne, 1995) were
shown to have axon branch-promoting properties and can thus be considered as
candidates serving analogous functions to GDNF. It is not yet known however if there are
specific motor pools that are sensitive to these factors by the expression profile of
neurotrophic factor receptors. Although there is evidence that motor pools innervating
individual limb muscles other than CM and LD express discrete combinations of
neurotrophic factor receptors in chick (Gould and Oppenheim, 2004), direct experimental
evidence for the role of motor pool identities and muscle-derived factors in forming
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specific motor axon arborization patterns in non-CM/LD muscles of chick and mice is
currently lacking.

As an alternative to the motor pool identity-dependent mechanisms, the terminal
nerve branching patterns in non-CM/LD muscles might operate in a pool identity
independent manner. Muscle-intrinsic patterning programs were shown to control acetyl
choline receptor (AChR) gene transcription and AChR clustering in developing skeletal
muscle in the absence of motor neurons and motor axons (Yang et al., 2001) (Arber et al.,
2002). Although not shown experimentally, such muscle intrinsic programs, together
with a generic nerve branching property that is intrinsic to all motor neuron axons, might
be sufficient for correct patterning of motor axon terminal branches. This would render
the dependence of CM and LD muscle innervation patterning on motor pool specific
identities as exceptions to the general rule. Indeed, CM and LD muscles are comprised of
exceptionally large muscle fibers. Unlike most other limb muscles, the CM constitutes a
thin muscle layer under the skin spanning the entire thoracic and abdominal trunk
(Theriault and Diamond, 1988). The LD is located underneath CM. Most muscles in mice
are innervated along a single synaptic endplate located in the middle of the muscles
(Zenker et al., 1990). In contrast, in the LD and CM muscles the endplates are distributed
over almost the entire extent of the muscle (CM, Livet et al., 2002) or in multiple
domains (LD, Zenker et al., 1990). The reason for this compartmentalization of motor
endplates might be the unusually large size of these two muscles (Baulac and Meininger,
1981; Zenker et al., 1990). Thus, different muscles might have differential requirements
for optimal innervation and the rules that apply to CM and LD may not reflect a general
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principal.

The loss of transcriptional identities of motor pools in the motor neuron FoxP1
mutant mice provides an opportunity to test the requirement of these identities for
terminal arborization programs of motor axons in muscles. If such molecular programs
operate for every motor pool and target muscle pair, motor axon arborization defects
would be observed in the limb muscles of the motor neuron FoxP1 mice, in the complete
absence of motor pool identities. The results presented in this chapter argue against this
hypothesis and suggest that, there is no essential role of motor pool identity in
establishing the terminal arborization patterns of all muscles.

Synaptic fidelity between motor pools and target muscles at the point of contact
During synaptogenesis the final step of recognition occurs at the point of contact
between the pre- and postsynaptic cells. Although motor neuron axons are brought to the
vicinity of their anatomically correct target muscles by means of surface guidance
molecules generated through their transcriptional identities, it is not known whether the
final step of neuromuscular connectivity or formation of neuromuscular junctions,
depends on a matching between the molecular identities of motor pools and muscles. To
ensure specific connectivity between a select motor neuron pool and correct muscle
targets, inappropriate connections may not be allowed to form or may be eliminated after
formation. Some potential mechanisms of achieving accurate connectivity in the
neuromuscular system are introduced below.

Molecular recognition between motor axons and muscles can prevent inappropriate
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synapse formation

Evidence suggests that recognition proteins expressed by the target neuron, along
with repellent molecules in neighboring but inappropriate targets, provide the attractive
and repulsive signals necessary to generate the fine specificity observed in neural circuits
(Sanes and Yamagata, 2009). The importance of repulsion and attraction in generating
specific synapses has been observed in the drosophila neuromuscular system. Once motor
growth cones reach target locations they begin to probe neighboring muscles, withdraw
most of these contacts, and form synapses with one, or at most, a few muscles. Several
lines of evidence suggest that target selection in this system is not specified in a point-topoint fashion by unique molecular labels. For example, motor neurons can synapse on
inappropriate muscles when either their normal muscle targets are absent (Cash et al.,
1992), the motor neurons are misrouted into abnormal target regions (Fambrough and
Goodman, 1996), or the inappropriate muscle is not properly innervated (Halfon et al.,
1995; Keshishian et al., 1994); (Kopczynski et al., 1996). Although there is not a one-toone matching between the identities of motor axons and muscles nor a robust redundancy
is built into neural target recognition, it is clear that molecular identities of target muscles
have a critical role in specific neuromuscular connectivity in Drosophila.

Further evidence comes from the genetic analysis of candidate target recognition
molecules. Netrin A and Netrin B are expressed by only a small number of drosophila
muscles and genetic ablation of these genes or their receptors cause abnormal targeting
(Mitchell et al., 1996). Furthermore, expression of the Ig domain containing protein Sema
II ensures the fidelity of motor axon targeting by preventing promiscuous synapses with
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inappropriate target muscles (Winberg et al., 1998). The secreted protein Wnt 4A also
functions in the establishment of neuromuscular specificity as motor axons will form
ectopic synapses with a normally Wnt4-expressing muscle in its absence (Inaki et al.,
2007). Thus, molecular interactions between motor axons with specific identities and
muscle targets suppress inaccurate connectivity in drosophila.

Trophic support from muscle targets might eliminate inappropriate connections
Whether such reliance on molecular recognition between muscles and motor axons
equivalent to the drosophila neuromuscular system exists in the vertebrates is unknown.
Various groups have invested efforts in understanding whether a matching system exists
between the neurotrophic factors released from muscles and their receptors expressed by
specific groups of motor neurons. Trophic factors were shown to promote neuronal
survival, stimulate axon growth and play a key role in the construction and maintenance
of the normal synaptic network. Soon after their generation, around the time their axons
approach muscles, motor neurons appear to acquire trophic dependency. It appears that
there is not one universal trophic factor that ensures the survival of all motor neurons.
Analysis of mice deficient for some of the trophic factors including GDNF, Ciliary
neurotrophic factor (CNTF), Insulin-like growth factor 1 and 2 (IGF), Hepatocyte growth
factor (HGF) and Vascular endothelial growth factor (VEGF) show a heterogeneity in the
response of different populations of motor neurons (Gould and Enomoto, 2009). Absence
of GDNF or its receptor Gfra causes motor neuron numbers to reduce by 25% compared
to wild-type embryos following the natural cell death period (Moore et al., 1996). This
heterogeneity indicates that different motor neuron subtypes might each respond to a
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distinct trophic factor or in combinations (Henderson et al., 1998). In addition, various
receptors to neurotrophic factors were defined to be expressed in different subsets of
motor neurons. For instance, in the spinal cord, cMet is expressed at high levels only at
rostrocaudal levels in limb-innervating motor neurons that can access HGF/SF
(hepatocyte growth factor/scatter factor), which is present in limb but not trunk muscles
(Yamamoto et al., 1997). Additionally, evidence in chick has also demonstrated that
motor pools innervating individual limb muscles express discrete combinations of
neurotrophic factor receptors (Gould and Oppenheim 2004). Thus a combinatorial use of
peripherally derived neurotrophic factors and restricted expression of their receptors in
certain motor neuron pools might create an intricate molecular matching pattern between
muscles and motor pools which might be instrumental in eliminating non-specific
connections between non-matching motor pool-muscle pairs.

Consequences of incorrect wiring between motor pools and muscles are poorly
understood.

Studies that tested the consequences of mismatches between motor pool identity
and target muscles produced controversial results. Some of the pioneer analyses were
conducted in chick embryos where surgical manipulations created mismatches between
motor neurons and their targets. In chick embryos where lumbosacral motor neurons
were forced to innervate foreign limb muscles by surgically rotating or shifting the limb
bud about the anterior-posterior axis, no reduction was observed in the number of motor
neurons and these motor neurons formed functional connections with their ectopic target
muscles (Landmesser and O'Donovan, 1984). More dramatic manipulations to the chick
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embryo by heterotopic transplantation of the thoracic neural tube to the lumbar region
showed that transplanted cord differentiates normally and establishes neuroanatomical
connections with the host central nervous system and hindlimb muscles (O'Brien and
Oppenheim, 1990). However soon after this, regressive changes begin in the
neuromuscular system, resulting in motor neuron degeneration and muscle atrophy
(O'Brien et al., 1990). Despite this, in the same study, neuromuscular connections were
maintained long enough to obtain muscle activity recordings, meaning that functional
neuromuscular connections were formed. A similar manipulation was achieved by
another group through surgical transplantations of thoracic spinal cord into brachial
spinal levels in chick (Butler et al., 1986). This study also showed that soon after foreign
thoracic nerves innervated the limbs, axons withdrew and muscles started to degenerate.

Certain caveats make it difficult to interpret the above mentioned studies and to
generalize their results. The analyses by Landmesser and O‘Donovan (1984) were
restricted to early embryonic stages and thus did not assess the sustainability of neuromuscular connections or the survival of motor neurons at later stages. Moreover in all of
these manipulations, the motor neuron types could only be determined by examining the
positions they occupy in the cord without any molecular information about their
columnar and pool identities. By examining the survival of motor neurons and formation
and stability of neuro-muscular connections in the absence of motor pool identities in the
motor neuron FoxP1 mutants, the results presented in this chapter provides a molecular
perspective into the role of pool identities in later aspects of peripheral connectivity.
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Motor neuron subtype specification occurs within motor pools.
Neurons within a single motor pool also exhibit further subtype distinctions. Most
motor pools are comprised of a mixture of fast and slow motor neurons, which exhibit
distinct profiles of activation and produce different degrees of force during the process of
muscle contraction. In addition, motor neurons are classified as alpha or gamma based on
differences in their morphology (Burke et al., 1977), their peripheral and central patterns
of connectivity and, recently, by their transcriptional profiles (Friese et al., 2009). The
predominant type of motor neurons is alpha motor neurons which innervate forcegenerating extrafusal muscle fibers at neuromuscular junctions (Burke RE, 1977).
Gamma motor neurons constitute approximately one third of all motor neurons within a
pool and innervate the intrafusal muscle fibers found in muscle spindles, where they
modulate the sensitivity of muscle spindles to stretch. Alpha motor neurons have large
cell bodies, and most receive direct group Ia derived proprioceptive sensory input,
whereas gamma motor neurons have small cell bodies (Burke RE, 1977) and lack direct
input from proprioceptive sensory afferents. The developmental programs that give rise
to subtype distinctions between alpha and gamma motor neurons remain unknown.
Experiments presented in this chapter provide information on whether the Hox/FoxPdependent motor column and pool differentiation programs are a prerequisite of alpha
versus gamma subtype specification in motor neurons.

2.2. Results
Usage of a conditional genetic strategy to delete FoxP1 expression from motor neurons
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Constitutive FoxP1 mutant mice die at e14.5 from heart defects (Wang et al.,
2004) prior to the formation of major neural circuits in the spinal cord (Kudo and
Yamada, 1987; Ozaki and Snider, 1997). Thus I devised a conditional genetic strategy to
eliminate FoxP1 expression in motor neurons, while preserving its expression in other
tissues of the body where its function is necessary for survival. To achieve this, I used the
Olig2::Cre line (Dessaud et al., 2007). In mice, Olig2 is expressed by motor neuron
progenitors as early as e9.0 (Wichterle et al., 2002; Zhou et al., 2000), thus allowing Cre
expression to occur early enough to achieve sufficient recombination in post-mitotic
motor neurons. Through multiple generations of crosses of this mouse line with mice
carrying floxed FoxP1 alleles (Feng et al., 2010) I obtained mice that contain two floxed
FoxP1 alleles and Cre expression under the control of the Olig2 promoter. For simplicity,
these Olig2::Cre ; FoxP1fl/fl mice are termed FoxP1MNΔ mice. In these mice, the Cre
recombinase excises exons 11 and 12, which encode the forkhead domain of FoxP1
protein (Wang et al., 2003) (Figure 2.1).

The efficiency of Cre in recombining the loxP sites spanning the exons of FoxP1
gene and the restriction of FoxP1 deletion to motor neurons was tested using a FoxP1
antibody that is designed to recognize the C-terminal domain of FoxP1 protein (Dasen et
al., 2008). At e13.5 FoxP1 protein was completely absent in motor neurons of FoxP1MNΔ
mice (Figure 2.1). In addition to the spinal LMC motor neurons, a subpopulation of V1
spinal interneurons also expresses FoxP1 gene (Jay Bikoff personal communication),
which raises the question whether FoxP1 gene expression in these cells is influenced by
the Cre recombination. Olig2 expression is only transiently detected in p2 neurons that
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give rise to V2 interneurons but not V1 interneurons (Wichterle et al., 2002; Chen et al.,
2011), therefore FoxP1 gene expression in spinal V1 interneurons should be unaffected
in FoxP1MNΔ mice. In support of this, FoxP1 protein in non-motor neuron cells was
detected in the FoxP1MNΔ mice, which presumably include V1 interneurons (Figure 2.1).
Thus any perturbation in the formation or functioning of the spinal circuitry is likely to be
caused by the absence of FoxP1 from the motor neurons but not from spinal interneurons.

Early motor neuron transcriptional identities FoxP1MN mutant mice
Absence of FoxP1 prevents Hox/FoxP1 programs from operating and thus
terminates the differentiation of limb level motor neurons at a premature stage (Dasen et
al, 2008; Rousso et al., 2008). The majority of motor neurons that are normally destined
to acquire LMC type transcriptional identities fail to do so and instead take on more
primitive HMC-like identities. I tested whether the motor neuron phenotypes observed in
the FoxP1MNΔ animals recapitulate that of the FoxP1 constitutive null mutants. To assess
the loss of columnar and pool identities, I tested the expression of a panel of genes which
were reported to be expressed specifically in motor neuron columns and pools.

In the brachial and lumbar spinal cord, newly generated LMC neurons are defined
by retinaldehyde dehydrogenase-2 (RALDH2) expression that is controlled by the actions
of FoxP1 and Hoxc6 proteins. RALDH2 can convert inactive retinoid precursors into
retinoids that function in a non-cell-autonomous manner to increase motor neuron
number and to induce a lateral LMC phenotype (Sockanathan and Jessell, 1998; Jessell.,
2000). Analysis of RALDH2 immunoreactivity at e13.5 in lumbar spinal cord levels in
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the FoxP1MNΔ mice revealed a >90% reduction in protein levels in motor neurons (Figure
2.1). The reasons for the residual RALDH2 expression are discussed at the end of this
chapter. Devoid of their LMC columnar identities, the majority of these neurons express
the two transcription factors Isl1 and HB9 which are normally expressed by HMC
neurons (Figure 2.1 C). Moreover these cells lack Lhx3 expression and thus do not have
MMC identities. Thus, in agreement with the previous reports, LMC columnar identity is
eroded in FoxP1MNΔ mice (Dasen et al., 2008, Rousso et al., 2008).

In the establishment of columnar identities, HMC neurons are thought to be
‗immune‘ to the effects of FoxP1-mediated Hox programs since they do not express
FoxP1. These neurons are identified by their Isl1+Hb9+Lhx3off transcriptional characters
which resemble transcriptional identities of generic motor neurons. Since no additional
marker had been known to make a distinction between gorund-state motor neuron
character and an induced HMC identity, it had been difficult to determine whether the
FoxP1off motor neurons in the FoxP1-/- mice simply revert to more primitive motor
neurons or whether they develop to become full grown HMC neurons. The
Isl1+Hb9+Lhx3off status of the motor neurons in FoxP1-/- mice indicates the loss of LMC
character but does not provide evidence for a ‗gain‘ of HMC identity or for the extend of
the conversion to HMC character. A recent molecular screen resulted in the discovery of
the kruppel like transcription factor-5 (Klf5) that is expressed by HMC neurons and
excluded from LMC and MMC neurons (Ivo Lieberam and Kevin Kanning, unpublished
data). Thus, by virtue of its restricted expression within the HMC, Klf5 is the first marker
that distinguishes HMC neurons from LMC motor neurons. Expression analysis by in situ
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hybridization screening at e13.5 in FoxP1-/- embryos revealed that ~75% of the converted
cells (identified by virtue of their ventrolateral position in the spinal cord) express Klf5,
strengthening the argument that these cells possess an HMC-like transcription profile
(Figure 2.2). Although induction of Klf5 expression in addition to the absence of LMC
and MMC columnar markers in FoxP1-/- mice is a supportive evidence for the LMC to
HMC conversion, this finding is still not sufficient to draw conclusions on the extent of
the conversion. Therefore these converted cells will be referred to here as HMC-like
cells.

Although in FoxP1 mutants, the majority of the motor neurons at limb levels are
converted to an HMC-like columnar identity, a small population still maintains some
aspects of LMCl divisional identities (Rousso et al., 2008). These cells make up 25% of
the non-MMC motor neuron population, and they can be identified by virtue of Lhx1
expression and the lack of Isl1 expression at e13.5, which is the typical expression pattern
of LMCl cells. A similar population of cells was detected in the FoxP1MNΔ mice (Figure
2.1 D). They are referred as LMCl-like neurons. These cells are found at almost every
segment of the lumbar spinal cord, but in much smaller numbers in the caudal segments,
in agreement with the distribution pattern of LMCl cells in the wild type animals. The
reason for maintaining this columnar identity is unknown. I will discuss some of the
possibilities in the discussion of this chapter.
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In summary, as observed in FoxP1-/- mice, LMC columnar identities are disrupted
to a great extent in FoxP1MNΔ mice. The majority of limb level motor neurons have an
HCM-like identity although a small population maintains a residual LMC character.

Within the LMC, motor neurons further differentiate to acquire pool identities. This
relies on the accurate functioning of the Hox transcriptional network (Dasen et al., 2005)
which requires FoxP1 in the LMC. Constitutive inactivation of FoxP1 dirupts the Hox
network output and, at limb levels of the spinal cord, leads to the erosion of motor pool
subtypes (Dasen et al., 2008; Rousso et al., 2008). I tested whether LMC pool identities
were also absent in FoxP1MNΔ mice. The collection of known pool markers provides a
means to test whether genes that are normally expressed by motor pools within the
medial or lateral motor columns are expressed in the absence of FoxP1. Nkx class
homeodomain genes Nkx6.1 and Nkx6.2, and ETS genes Pea3 and Er81 were reported to
be expressed in a select set of brachial and lumbar motor pools (De Marco Garcia and
Jessell, 2008; Livet et al., 2002). Expression of these genes in brachial and/or lumbar
spinal cord levels at e13.5 was tested in the FoxP1MNΔ mutants by insitu hybridization or
antibody staining. Expression of all of the listed pool markers were found to be abolished
at the spinal levels looked at in FoxP1MNΔ mice, providing strong evidence that the HMClike as well as the LMCl-like cells do not maintain any LMC pool identities (Figure 2.3).

Do motor neuron alpha and gamma subtype distinctions establish after the loss of motor
pool identities?
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Neurons within a single motor pool exhibit subtype distinctions corresponding
with their effects on the muscle fibers. The molecular programs that generate these
subtype distinctions remain unknown. To test whether motor pool and columnar identities
are required to generate motor neuron subtype distinctions, I focused on the alpha and
gamma motor neuron subtypes. Traditionally these two groups of neurons have been
identified by virtue of differences in cellular morphology: gamma motor neurons are
smaller than alpha motor neurons and have a bipolar dendritic structure and receive
different types of input -- gamma motor neurons do not receive proprioceptive input.
More recently, it has been shown that these two populations can be distinguished from
one another by virtue of differential expression of the Err3 gene in the gamma motor
neurons (Friese et al., 2009). I found that at p18 gamma motor neurons — identified by
their bipolar morphology, expression of the transcription factor Err3 and lack of vGluT1+
sensory bouton contacts — are present in FoxP1MNΔ mice at approximately normal
numbers (Figure 2.4). This suggests that although the early transcriptional identities of
motor neurons are abolished in the absence of FoxP1, motor neurons still maintain the
ability to acquire alpha versus gamma subtype identities.

Does the loss of identity affect survival of motor neurons in FoxP1MN mutants?
Motor neurons with HMC character normally innervate hypaxial muscles at trunk
levels. In FoxP1 mutants, motor neurons with HMC-like character project axons into the
limb muscles rather than to their native targets. This identity-target muscle mismatch
might create a situation where motor neurons that are in a foreign environment are devoid
of specific survival factors provided by their normal muscle targets and ultimately die. In
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FoxP1MNΔ mice, I examined whether a presumptive identity matching is required for the
survival of motor neurons. Through cell counts of immunolabeled ChAT+ motor neurons
at p18, I observed a ~15% reduction in the number of non-MMC limb level motor
neurons in FoxP1MNΔ mice compared to the wild type mice (Figure 2.5). MMC motor
neurons were identified by their medial position and excluded from this count. A similar
reduction in motor neuron numbers in FoxP1-/- mice at e13.5 was previously reported
(Dasen et al., 2008). This would suggest that, although their numbers are initially
reduced, motor neurons survive through the natural period of cell death, and into
postnatal stages. The initial reduction in motor neuron numbers may be explained by the
lack of RALDH2 retionid synthesis by LMC neurons, which is thought to provide a feedback signal that promotes the proliferation of MN progenitors (Sockanathan and Jessell,
1998).

Effects of loss of pool identity on muscle innervation and terminal branching patterns of
motor axons in FoxP1MNΔ mice
The motor axons in FoxP1-/- mice were shown to project into the limb, but it was
not possible to test whether individual muscles were innervated (Dasen et al., 2008). Can
the motor neuron axons form and maintain neuromuscular junctions in the absence of
their specific molecular identities? The first indication that motor neurons can form stable
neuromuscular connections was the lack of severe muscle atrophy in the FoxP1MNΔ mice.
Skeletal muscles are known to atrophy in the absence of innervation. Although there are
minor size and weight changes in the limb muscles of FoxP1MNΔ mice, they are not
severely affected by denervation-induced skeletal muscle atrophy (Figure 2.6).
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A direct way of testing innervation of the muscle is to visualize the muscle nerves
and synaptic terminals by immunohistochemistry. To visualize innervation patterns in
muscles, I used immunoreactivity against neurofilament protein to mark the nerve axons,
and fluorophore-coupled alpha-bungarotoxin to mark the acetlycholine receptors of
neuromuscular junctions. Analysis of gluteus (GL), tibialis anterior (TA), gastrocnemius
(GS), intrinsic foot (IF) muscles in the hindlimb and extensor carpi radialis longus
(ECRl) and extensor carpi radialis brevis (ECRb) muscles in the forelimb in FoxP1MNΔ
mice, from p2 to p21, revealed that each muscle retained motor neuron innervation.
Moreover, the density and size of acetylcholine receptor plaques at motor end-plates was
indistinguishable from that observed in wild type mice (Figure 2.6). In addition, the
overall intramuscular pattern of synaptic zones of GL, TA, GS and IF were
indistinguishable from those observed in wild type mice. In conclusion, the erosion of
motor pool identity does not obviously perturb the pattern or stability of neuromuscular
connections.
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Figure 2.1. Changes in motor neuron columnar identities upon conditional deletion
of FoxP1.
A. Genetic strategy to delete FoxP1 in motor neurons. Cre expression is restricted to
motor neurons through the Olig2 promoter. Mice carrying two conditional FoxP1 alleles
are crossed to the Olig2::Cre line to excise the 11th and 12th exons of the FoxP1 gene.
Existence of FoxP1-expressing cells outside of lamina IX indicates the presence of
FoxP1+ interneurons.
B. Effectiveness of the Cre mediated recombination is tested through the detection of
FoxP1 protein in spinal cords of e13.5 mouse embryos. No protein was detected in
lumbar levels (n=3). Columnar identities of limb level motor neurons are assessed by
immunoreactivity against column specific proteins. The absence of RALDH2 protein
from motor neurons is an indication of the loss of LMC identity.
C. Limb level motor neurons in FoxP1MNΔ mice display HMC identities demonstrated by
the combined expression of Hb9, Lhx3 and Isl1/2 at e13.5 (n=3). LMC motor neurons in
wild type mice express Hb9 or Isl1/2 in the lateral and medial divisions respectively.
D. Lhx1 is normally expressed in LMCl neurons at e13.5. The distribution of LMCl cells
are uneven throughout the rostrocaudal extent of the spinal cord in the control animals
such that the presence of LMCl cells are very rare in caudal levels compared to rostral
levels. In FoxP1MNΔ mice, Lhx1 expressing motor neurons constitute a much lower
percentage of the motor neuron population compared to their counterparts in control
animals. The rostal to caudal distribution of Lhx1 expressing cells were maintained in the
FoxP1MNΔ mice.
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Figure 2.2
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Figure 2.2. Expression analysis of HMC marker Klf5.
Klf5 expression was monitored by in situ hybridization in the brachial and thoracic spinal
cord levels of e13.5 mice. Klf5 expression was detected at thoracic spinal cord levels in
the control FoxP1fl mice (top row). In FoxP1MNΔ mice Klf5 expression was detected in
thoracic as well as brachial spinal cord levels (bottom row). Motor neurons were
identified by their characteristic ventrolateral positions in the cord.
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Figure 2.3

87
Figure 2.3. Motor neurons lose motor pool identities in the FoxP1MNΔ mice.
Immunohistochemical analysis of motor neuron pool markers in e13.5 mice. Motor pool
specific expression of transcription factors Pea3, brachial; Nkx6.1, brachial and lumbar;
Er81, lumbar and Nkx6.2, lumbar were detected in control FoxP1fl mice. Expression of
these proteins was found to be nearly completely abolished in motor neurons of
FoxP1MNΔ mice.
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Figure 2.4
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Figure 2.4. Retention of gamma motor neuron character in FoxP1 mutant mice
A, B. Err3+, ChAT+ gamma motor neurons detected in p21 control FoxP1fl (A) and
mutant FoxP1MNΔ (B) mice. Note the small size of marked gamma motor neurons.
C, D. Paucity of vGluT1+ sensory inputs to small ChAT+, presumed gamma, motor
neurons in p21 control FoxP1fl (C) and mutant FoxP1MNΔ (D) mice.
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Figure 2.5
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Figure 2.5. Assessment of motor neuron numbers and muscle fiber size in FoxP1MNΔ
mice
A. Motor neuron cell bodies were counted in control (combination of FoxP1fl, FoxP1fl/fl,
FoxP1fl/+ genotypes) and FoxP1MNΔ mice in lumbar spinal segments L1-L3. A 15%
decrease was observed in the non-MMC population in the FoxP1MNΔ mice (n=3, p18, avr
number of non-MMC motor neurons per 30u section: 12.2 and 10.3 in controls and
mutants respectively). 20% reduction of MMC cells were observed in the FoxP1MNΔ mice
compared to control mice (n=3, p18, avr number of MMC motor neurons per 30u section:
5.3 and 4.3 in controls and mutants respectively). The ~15% reduction in total number of
Isl1/2+ motor neurons observed at lumbar levels in FoxP1MNΔ embryos may reflect the
loss of RALDH2-dependent proliferative signals for motor neuron progenitors
(Sockanathan and Jessell, 1998).
B. Mean circumference of myofibers were calculated in the plantaris (wt: 82.2u mt: 77u),
soleus (wt: 89u, mt: 62u), tibialis anterior (wt: 86u; mt: 79u), extensor digitorum longus
(wt: 79u; mt: 76u) (forelimb) and extensor carpi radialis (wt: 85u; mt: 77u ) (forelimb)
muscles of p18 control and FoxP1MNΔ mice.
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Figure 2.6

93
Figure 2.6. Muscle innervation in motor neuron FoxP1 mutants.
A. Innervation of the forelimb extensor carpi radialis (ECR) muscle assessed by
neurofilament (NF) immunoreactivity. Alpha-Bungaratoxin staining indicates the
location of cholinergic receptors. Blow up images of neuromuscular junction formations
show no obvious difference in the shape of NMJs in control and mutant mice.
B. Size comparison of NMJs in control and mutant mice were made by measuring the
mean area of NMJs in extensor carpi radialis longus (wt: 154u2; mt: 127u2); extensor
carpi radialis brevis (wt: 144 u2; mt: 134 u2) and tibialis anterior (wt: 116 u2; mt: 144 u2)
muscles.
C. Patterns of motor innervation of TA, GL, IF and GS muscles in p2 control FoxP1fl and
mutant FoxP1MNΔ mice. Motor nerves visualized by neurofilament (NF) immunolabeling
and acetylcholine receptors visualized by alpha-bungarotoxin (α-BTX) labeling.
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2.3. Discussion

In this chapter I showed that with a conditional genetic strategy, FoxP1
expression can be specifically ablated from spinal motor neurons without causing
embryonic lethality. The viability of the mice enabled me to study the consequences of
this manipulation on early motor neuron transcriptional identities and on forming and
maintaining motor axon-muscle connections. I first showed that the conditional genetic
strategy used caused the same changes in motor neuron transcriptional identities that
were observed in the constitutive FoxP1 null mutants. In addition to confirming the
previous findings I showed that although motor neurons lack their pool identities, they
survive at postnatal stages and successfully innervate limb muscles. Moreover the
terminal nerve branching patterns in the muscles looked largely normal by qualitative
assessment. Altogether these results suggest that although motor pool identities are
critical for the target specificity of motor pool-muscle connectivity, they are not essential
for other aspects of connectivity and cell survival.

Limb level motor neurons show HMC-like and LMCl-like identities in the FoxP1 mutants
The necessity of FoxP1 for the functioning of the Hox transcriptional programs is
evident both in the conditional and constitutive FoxP1 null mutants by virtue of the loss
of expression of all known column and pool markers (Dasen et al., 2008, Rousso et al.,
2008). The persistence of RALDH2 expression in a small population of cells in the
brachial and lumbar spinal cord segments of FoxP1 mutants might be due to the
compensatory actions of FoxP4, which is also expressed transiently by motor neurons
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and shares FoxP1‘s inductive activity (Dasen et al., 2008). The RALDH2-dependent
synthesis of retinoids by LMC neurons is necessary for the specification of LMCl identity
(Kania et al., 2000); Sockanathan and Jessell, 1998). Would the residual RALDH2
account for the generation of the Lim1-positive LMCl-like cells in the FoxP1 mutants?
This possibility seems unlikely due to the severe reduction in RALDH2 levels.

Another possibility is that the inductive signals provided by the paraxial mesoderm
might be sufficient to induce some LMCl-like identity in the absence of FoxP1. The
rostrocaudal identity of neural cells appears plastic at the time of neural tube closure and
is sensitive to positionally restricted signals from the paraxial mesoderm. Invivo grafting
studies in which either the neural tube or flanking mesoderm were displaced between
thoracic and brachial levels showed that neural tube cells appear to acquire an early limb
level identity in response to signals from the paraxial mesoderm before the generation of
motor neurons (Ensini et al., 1998). Additionally it was shown that at the time of motor
neuron generation, RALDH2 is expressed at a high level by paraxial mesodermal cells
that flank brachial levels of the spinal cord, but at a much lower level by paraxial
mesoderm at thoracic levels and lumbar levels (Niederreither et al., 1997; Sockanathan et
al., 2003). Moreover there is direct evidence supporting the idea that the high level of
retinoid synthesis and secretion by brachial paraxial mesoderm is responsible for the
activation of retinoid receptors in postmitotic brachial motor neurons, thus ensuring the
progression of LMC differentiation (Sockanathan et al., 2003). Also, it was shown in vivo
mesodermal and neuronal retinoids act coordinately to establish and maintain lateral
LMC motor neurons (Ji et al., 2006). Thus, the limb level motor neurons in the FoxP1MNΔ
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mice might exert LMC-like identity due to the influence of mesodermal tissue.

How accurate is it to classify the limb level motor neurons as HMC in the
FoxP1MNΔ mice? This is difficult to assess due to lack of a good understanding of the
molecular profiles of HMC cells. The only HMC-restricted marker that is known to date
is Klf5 and its expression is observed in the majority of the non-MMC limb level motor
neurons in the FoxP1MNΔ mice (identified as motor neurons by their position). However
we do not know how Klf5 is induced or what its role is in the HMC. One other marker
that is expressed in the wild type HMC cells is the ETS transcription factor Er81 (Jung et
al., 2010). A subpopulation of HMC as well as LMC neurons expresses Er81 in wild type
mice. Unlike Klf5, Er81 is not detected in the limb level HMC-like motor neurons in the
FoxP1MNΔ mice. Based on the expression patterns of these two markers, the conclusion is
that the HMC identity observed in limb level motor neurons in the FoxP1MNΔ mice is not
compeletely equivalent to thoracic level HMC identity.

Despite the changes in motor columnar identities and loss of LMC motor pool
identities, gamma and alpha subtype distinctions in FoxP1MNΔ mice seem to emerge
normally. This suggests that this aspect of motor neuron subtype generation does not
require the Hox/FoxP1 programs and that it is a shared feature of all motor pools
regardless of their transcriptional identities. The exact cellular programs that give rise to
the emergence of alpha and gamma motor identities are unknown. When muscle spindle
differentiation is aborted, a selective absence in the number of presumptive gamma motor
neurons is observed (Friese et al., 2009). The survival of gamma motor neurons at
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postnatal stages (up to at least p21) implies that motor neurons in the FoxP1MNΔ mice are
responsive to the factors provided by the muscle fibers for the generation and
maintenance of intra-pool subtype distinctions.

Motor axons grow into the developing limb in the absence of FoxP1.
Various studies showed that motor neurons are capable of growing axons into
foreign targets. When aligned with limbs through limb transplantations into thoracic
levels, thoracic motor neurons can project their axons into limb musculature (Turney et
al., 2003; Dasen et al., 2008; Brown, Dasen and Jessell unpublished observation). Also,
when brachial or lumbar spinal cord was replaced by thoracic spinal cord tissue in the
chick embryos, the transplanted thoracic motor neuron axons managed to innervate the
limb which is a foreign target to them (Butler et al., 1986; O'Brien and Oppenheim,
1990). Similarly, dramatic loss of motor neuron identity in the FoxP1 mutants does not
prevent the HMC-like motor neuron axons from projecting into the limb muscles which
are foreign targets to the HMC neurons.

Motor neuron survival is not affected by the absence of FoxP1
Progressive events such as neural proliferation, neurite outgrowth, and synapse
formation set up a broad pattern of neural connectivity. Later in development, however,
regressive events such as cell death, axon pruning, and synapse elimination are necessary
to refine the connectivity pattern to a more precise and mature circuitry. Based on these
natural phenomena it is intuitive to think that neurons innervating inappropriate targets
might eventually die upon contact due to mismatches between the presynaptic and
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postsynaptic components. Since FoxP1 constitutive null animals die soon after motor
axons innervate the muscles, it has not been possible to test the later aspects of neuronal
survival, formation and maintenance of synaptic connections with muscles. Thus,
FoxP1MNΔ mice enabled me to examine these issues.

There are very few studies in which the short- and long-term consequences of
directing a set of motor neurons to wrong targets during development were thoroughly
examined. Experiments in chick where thoracic spinal cord segments were transplanted
into brachial/lumbar spinal cord segments attempted to address this issue most directly
(Butler et al., 1986; O‘Brien and Oppenheim, 1990). In the study by Butler et al., foreign
innervation of brachial muscles was accomplished by replacing the brachial segment of
the neural tube of a host embryo with the thoracic segment of a donor embryo. Initially
the foreign thoracic nerves innervated the limb muscles but soon after, axons withdrew
from the limb and muscles began to degenerate. Interestingly, not all muscles were
susceptible to axon withdrawal and subsequent degeneration. In direct contrast to the
eventual incompatibility of thoracic nerves and brachial muscles derived from premuscle
masses of the wing bud, a sustained connection existed between foreign thoracic nerves
and brachial muscles of myotomal origin. Muscles with myotomal origin such as the
intervertebral muscles might be more related to the muscles originally innervated by
thoracic motor neurons than to the limb muscles and thus they continued to be stably
innervated. The withdrawal of motor axons from most limb muscles in this experiment
suggested that the expression of the individuality of motor neurons has progressed to the
point that they can recognize a foreign target as ‗inappropriate‘. Under this scheme, it is
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then plausible to think that the HMC-like motor neurons in the FoxP1MNΔ mice are not
specialized to recognize limb muscles as appropriate or inappropriate and thus are able to
survive and maintain connections with muscle targets.

One way the HMC-like neurons might achieve to survive even though they are
innervating foreign targets is that they might possess trophic factor receptors that are
expressed by all motor neurons regardless of their pool or columnar identities. This might
be sufficient for the survival of motor neurons in response to the universal survival
factors provided by limb muscles. For instance, persephin is a neurotrophic factor that
has 40% homology to GDNF and its mRNA has been detected in all tissues examined in
embryonic and adult rat. Its potency to promote motor neuron survival has been shown in
vitro and in vivo after sciatic nerve axotomy. Thus the overall survival of motor neurons
might depend on the broad expression of such a receptor which might be responsive to a
survival factor that is provided by all muscles. Alternatively, motor neurons might never
acquire a tendency to die in the absence of NTFs.

Limb muscles are stably innervated in the absence of FoxP1
Motor nerve-muscle connections are not only formed and maintained, but at least
by our qualitative assessment of fluorescently labeled NMJs they appear to be structurally
normal in FoxP1MNΔ mice. At the periphery, AChR clusters form with no obvious defects,
implying that both the presynaptic (e.g., agrin) and the postsynaptic (e.g., MuSK and
rapsyn) contributors to neuromuscular junction (NMJ) formation are functional. The
AChR clusters appear to mature normally as indicated by their change in shape from
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plaque to the classic pretzel-like shape (Steinbach, 1981). Thus, regardless of their
Hox/FoxP1 status, motor neurons seem to be inherently capable of forming
neuromuscular contacts with limb muscles.

Limb muscle innervation patterns are largely unchanged in the absence of FoxP1
The axons of specific pools of LMC neurons project to individual muscles in the
limb and establish muscle-specific branching patterns. Results presented in this chapter
show that in FoxP1MNΔ mice, not only are muscles innervated, but the pattern of
innervation is also indistinguishable from wild type at least by our qualitative assessment.
This suggests that for the muscles analyzed in my study, terminal axonal arborizations in
muscles are not dictated by motor pool identities. However, for the muscles CM and LD
this does not appear to be the case (Livet et al., 2002; Dasen et al., 2008). In these
muscles, the pheripherally induced expression of Pea3 in CM and LD pools is required to
establish an effective pattern of motor innervation (Livet et al., 2002). Thus, there does
not seem to be a common principle that operates for all muscle types. The differences in
the programs that operate for different muscles might originate from the functional and
structural differences in muscles. The CM muscle is a thin sheet-like muscle covering the
lateral thoracic and abdominal wall from the shoulder to the root of the tail. Its main
function is the movement of the skin of the trunk. However, most limb responsible for
moving bones are spindle shaped where muscle fibers are bundled together. The great
size and wide shape of the CM and LD muscles might necessitate a tighter control
through transcriptional mechanisms to make sure that all muscle fibers are innervated.
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CHAPTER 3: Motor neuron topography and behavior in motor neuron FoxP1 mice
Summary:
In mouse, motor axonal trajectories in the limb are determined through sequential
activities of different transcriptional networks and their downstream genes in motor
neurons. The acquisition of columnar, LMC divisional and pool identities is thought to
impose topographic order in the trajectory of motor axons within the limbs. Molecular
identities of motor columns and pools also determine the settling positions of motor
neurons in the spinal cord in such a way that the dorsoventral and mediolateral
organization of motor pools mirrors the proximodistal and dorsovental muscle
topography of the limb.

The loss of FoxP1 eradicates Hox-dependent motor pool and columnar identities.
Consequences of loss of FoxP1 on motor neuron topography have been studied at early
embryonic stages (Dasen et al., 2008, Rousso et al., 2008). In these studies, defects in
motor neuron topography were documented in early embryonic stages, however the
details of such disruptions, i.e. the extent of changes in motor neuron topography and
target connectivity remained unknown. Also, since these studies were limited to early
developmental stages in mouse embryos whether the disruptions are merely a
consequence of a developmental delay and could be corrected in time remained
unknown. The first half of this chapter addresses the impact of motor neuron-specific loss
of FoxP1 on the organization of motor neurons and reports disruption in motor neuron
topography.
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In generating smooth and coordinated muscle contractions, it is essential that
motor neurons receive information from interneuron and sensry neurons to set up the
rhythm and pattern of muscle contractions and ensure continuity of movement.
Disruptions in cellular properties of motor neurons would predict defects in central
connectivity between motor neurons and their presynaptic partners. How do the cellular
changes and the related changes in muscle connectivity affect motor behavior? The
second half reports the behavioral defects observed in these mice.

Chapter 3.1. Introduction

Establishment of motor neuron cell body topography and motor axon trajectories
The first distinctions in motor neuron identity are seen as motor neurons become
postmitotic. Motor neurons acquire columnar identities with respect to the parts of the
body they innervate. Four main columnar types have been described, each occupying a
defined position in the spinal cord and innervating a unique set of peripheral targets.
Lateral motor columns (LMC) occupy the limb levels and innervate limb muscles
Preganglionic motor column (PGC) and hypaxial motor column (HMC) occupy the
thoracic spinal cord and innervate the sympathetic ganglia (PGC) and intercostal and
abdominal wall musculature (HMC) (Gutman et al., 1993; Prasad and Hollyday, 1991).
The only motor column that is not segmentally restricted is the median motor column
(MMC) which is present at all levels of the spinal cord and innervates dorsal axial
musculature (Fetcho, 1987; Gutman et al., 1993).
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Divisional identities of motor neurons determine dorso-ventral trajectory choice in the
limb
After leaving the spinal cord MMC axons project within the dorsal rami towards
axial muscles whereas LMC axons continue to travel towards the plexus region at the
base of the limb. At this decision point LMC motor axons fasciculate into dorsal and
ventral nerve trunks containing the axons of laterally positioned LMCl and medially
positioned LMCm motor neurons respectively (Tosney and Landmesser, 1985a, b).
Motor neuron specific transcription factors together with limb level Hox genes (e.g.,
Hoxc6) direct expression of FoxP1 and RALDH2 in LMC neurons (Dasen et al., 2008).
RALDH2 creates a neuronal source of retinoic acid which leads to the induction of Lhx1
expression by lateral LMC neurons. The lateral and medial divisional settling positions
are assigned by the actions of Lhx1 and Islet LIM homeodomain proteins (Kania and
Jessell, 2003)

Furthermore LIM homeodomain proteins are necessary for directing motor axon
projections to the dorsal and ventral limb (Jessell 2000; Kania and Jessell, 2003).
Transcription factors alone cannot control axon guidance programs. Instead, they control
the expression of axon guidance receptors. Dorsoventral projection choice of LMC motor
neurons were shown to be regulated in part by interactions between the Eph receptor
tyrosine kinases and their ligands, the ephrins. Lhx1 directs expression of the guidance
receptor EphA4, and EphA4 directs motor axons toward the dorsal limb. Dorsal limb
mesenchyme ephrin-B ligands signal via EphB receptors expressed on medial LMC
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axons and direct them into the ventral limb. Ventral limb mesenchyme ephrin-A ligands
signal via EphA receptors expressed on lateral LMC axons and guide them into the dorsal
limb (Kania and Jessell, 2003; Luria et al., 2008). Thus, medial and lateral divisional
identity of LMC neurons dictates the selection of ventral and dorsal axonal trajectories.

Establishment of motor neuron topography: motor pool identities dictate target muscle
choice
The selection of the right trajectories is critical in bringing the motor pool axons to
the vicinity of their correct muscle targets. Early experiments through embryological
manipulations first showed that the axons of specific LMC neurons project to their limb
muscle targets with high precision (Landmesser, 2001). These observations caused the
emergence of the idea that intrinsic motor pool identities direct target muscle
connectivity. Moreover various embryological manipulations provided evidence that the
LMC motor pool identities are acquired well before approaching muscle targets (reviwed
in Landmesser, 2001).

Following these surgical manipulation studies, selection of individual muscle nerve
trajectories within the dorsal and ventral limb was shown to be imposed by pool-specific
expression of transcription factors. In the brachial spinal cord, the combinatorial
expression of Hox4, Hox5, Hox6, Hox7, and Hox8 proteins appear to define motor
neuron pool fate by regulating the expression of various transcription factors.
Manipulations of the Hox transcriptional identities of motor neuron pools defined by a
switch in the molecular profile of pool-specific transcription factors cause predictable
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changes in target muscle connectivity (Dasen et al., 2005). In addition, knocking out pool
specific transcription factors that are downstream of Hox genes results in axon projection
defects. For instance, nerve branches supplying the tibialis anterior and gracilis posterior
muscles derive from Nkx6.1+ motor pools, and in Nkx6.1 mutants the axons that normally
project to these muscles are re-routed to different targets (De Marco Garcia and Jessell,
2008).

Motor pool positions in the spinal cord are determined by pool specific transcription
factors and surface molecules.
Within the divisions of the LMC, motor neuron pools settle at precise positions
predictive of the location of their muscle targets. Each motor pool has a constant
epicenter with fixed dorso-ventral and medio-lateral coordinates and a characteristic
rostro-caudal span (Romanes, 1964; Vanderhorst and Holstege, 1997; McHanwell and
Biscoe, 1981). What molecular mechanisms confer this precise positioning on motor
neuron pools is not well understood. Pool-specific expression of ETS transcription factor
Pea3 was shown to be necessary for correct positioning of motor pools (Livet et al.,
2002). Moreover certain motor pools were shown to occupy an abnormal dorso-lateral
position in Nkx6.1 embryos (De Marco Garcia and Jessell, 2008). Thus motor pool
positions in the spinal cord seem to be determined by pool-specific transcription factors.

Transcription factors alone cannot impose pool clustering or positioning. They
exert their function through the expression of other proteins that have a function in cell
migration and adhesion. The main class of recognition proteins implicated in the sorting
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of spinal motor neurons is classical cadherins. Earlier studies in chick and mouse
embryos provide strong evidence that classical cadherins are the chief regulators of motor
neuron sorting (Price and Briscoe, 2004). Molecular manipulation of type II cadherin
expression profiles in chick embryos disrupts the normal settling pattern of certain motor
pools (Patel et al., 2006; Price et al., 2002). Recently a study in mice showed that when
classical cadherin-mediated recognition is abolished through the deletion of β- and γcatenin motor pools fail to sort themselves (Demireva et al., 2011). Notably, transcription
factors that are known to play roles in motor pool positioning such as Pea3 are required
for the expression of cadherin proteins (Livet et al, 2002; Dasen et al., 2008). Although a
detailed understanding of motor pool sorting and positioning remains unknown, these
studies provide strong evidence that motor pool identities are necessary in establishing a
precise link between motor neuron and limb muscle topography.

Establishment of motor neuron topography: motor pools are grouped in columels.
Beyond pools, there is a higher-order organizational plan in which motor neurons
that control muscles with related biomechanical functions are themselves grouped into
longitudinally arrayed mini- columns, termed columels (Figure 1.6) (Romanes 1941,
1951; Vanderhorst and Holstege, 1997; McHanwell and Watson, 2009). The position of
motor columels is linked topographically to the location of their muscle targets along the
three primary axes of hindlimb organization. One striking feature of this topographic plan
is that the dorsoventral position of a motor columel displays a linear correlation with the
distal-to-proximal position of its target muscle synergy group (Figure 1.7) (Vanderhorst
and Holstege, 1997; Burkholder and Nichols, 2004).
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The importance of clustering of motor neurons into motor pools and columels is not well
understood.
Several hypotheses can be proposed to explain why motor neurons cluster to form
motor pools and columels. First, clustering and positioning of motor pools might be
important for motor axon-muscle connectivity. This possibility was ruled out by a recent
study were normal connectivity patterns were observed upon scrambling the motor pools
through inactivating the cadherin functions (Demireva et al., 2011). Second, fasciculation
of motor axons belonging to the same pool en route to the correct muscle target might be
required for accurate targeting. Third, motor neurons may need to cluster for the
formation of junctional coupling observed during development. Reduced spinal neuron
gap junctional coupling was reported to decrease temporally-correlated motor neuron
activity that, in turn, modulates neuromuscular synapse elimination (Personius et al.,
2007). Thus, clustering might be required for establishing gap junctions and electrical and
metabolic synchronization. However none of these possibilities explain why motor pools
and columels have characteristic settling positions in the spinal cord. Accurate
positioning of motor pools might be important in the subsequent steps in motor neuron
connectivity, such that their specific connectivity with descending inputs from higher
brain centers, and their circuits with sensory neurons and interneurons are constrained by
the positioning of motor neurons. The second half of this chapter and subsequent chapters
aim to investigate whether central connectivity defects might emerge in the absence of
motor neuron identities and organization.
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Neural networks contributing to the generation and modulation of locomotion.
A common feature of different forms of locomotion such as swimming, flying and
walking is the rhythmic movements of the body parts. Movement is achieved through
changes in individual joint angles via muscle contractions. Contractions of flexor muscles
bend the joint by decreasing the joint angle. The contrary effect is achieved via
contracting the extensor muscles which straightens the joint by increasing joint angle.

During walking, the unit of locomotor movement is stepping. The step cycle is
divided into two main phases. The time during the foot is off the ground is called the
―swing‖ phase. This phase begins with flexion at the hip, knee and ankle joints. Midway
through the swing phase, the knee and ankle begin to extend to move the foot ahead of
the body in anticipation of accepting the body weight upon contact with the ground. This
movement demarcates the beginning of the ―stance‖ phase. The stance continues with the
body weight being transferred to the leg and the body moving forward smoothly over the
foot. Finally the hip, knee and ankle all extend to provide a propulsive force to move the
body forward (Engberg and Lundberg, 1969). These sequences of leg movements during
stepping are produced by contractions of mainly extensor muscles during the late swing
and stance phases as well as contractions of mainly flexor muscles during the late swing
phase. Profiles of electrical activity in hindlimb flexor and extensor muscles show that
each muscle has a unique timing of activity during the step cycle, making the
coordination of muscle contractions a very complex task for the nervous system.
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Although motor neuron generation and accurate connectivity with limb muscles is
essential for generating movement, motor neurons are merely responsible for sending
electrical input to the muscles. It is the influence of motor circuits in the spinal cord
together with the descending inputs and sensory feedback on motor neurons that
generates and coordinates rhythmic activity during locomotion. It is essential that
connections between motor pools and their presynaptic partners are formed with accuracy
such that motor neurons can integrate these inputs and control muscle contractions
accordingly. With the purpose of understanding how loss of motor neuron identities and
organization is accommodated by neural networks that generate and modulate movement,
this chapter analyzes activity patterns of muscles whose functions are well defined during
locomotive movement. Summarized below is the current knowledge about the differential
roles of interneuronal networks and sensory feedback on locomotion to familiarize the
reader with the cellular mechanisms that contribute to movement generation.

Contribution of spinal interneuron networks and proprioceptive feedback to locomotion.
Locomotion starts when supraspinal command signals activate the spinal central
pattern generators (CPGs). Various studies have provided evidence that rhythmic
locomotor activity is generated by the activation of ipsilaterally projecting glutamatergic
neurons (Kiehn, 2006). Among the population of neurons with rhythmogenic neuronal
properties some show direct connections onto motor neurons (Grillner and Jessell, 2009)
(Ziskind-Conhaim et al., 2010). Upon initiation of locomotion, the constituent networks
of the CPG generate the rhythm and pattern of motor neuron bursting. Locomotor
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movement is a combination of rhythmic activation of motor neurons, left-right alternation
and coordination of flexor and extensor muscle activity.

Left-right alternation is ensured by commissural interneurons whose axons cross
the midline. Electrophysiological studies revealed the constituent cell groups that
contribute to ensuing left-right alternation. These include inhibitory commissural
interneurons that project monosynaptically to contralateral motor neurons and
glutamatergic commissural interneurons that provide inhibition to contralateral motor
neurons by projecting onto inhibitory interneurons such as Renshaw cells (Quinlan and
Kiehn, 2007).

Individual joint angles are controlled by contractions of flexor and extensor
muscles. Precise activation of extensor and flexor motor neurons is essential in achieving
the joint angles at any point during locomotion. It is thought that the CPG consists of two
compartments, one controlling the flexor and the other controlling the extensor activity,
and that these two modules are reciprocally connected via ipsilateral inhibitory
interneurons. In addition, amongst the groups of inhibitory interneurons with ipsilateral
monosynaptic projections onto motor neurons, two of them, the Renshaw cells and
reciprocal Ia inhibitory interneurons (Ia-int), were documented to be able to contribute to
flexor extensor alternation (Hultborn and Lundberg, 1972; Wang et al., 2008). Both
Renshaw cells and Ia-int are rhythmically active during locomotion and contribute to the
phasic inhibition of motor neuron activity. Renshaw cell activation occurs via motor
neuron collaterals and inhibits the same motor neurons that excite them. They generally
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fire late in the locomotor phase of their related motor neurons and thus may participate in
terminating the motor neuron firing. Ia-int on the other hand are activated by the
proprioceptive sensory afferents and form inhibitory contacts on antagonistic motor
neurons.

Lastly, neuromodulatory effects of intrinsic spinal neurons or CPG neurons
themselves on motor neurons contribute to the adjustment of locomotor parameters such
as speed and amplitude. For instance, a small group of cholinergic and glutamatergic
interneurons which are the source of cholinergic C-bouton inputs are rhythmically active
during locomotion. Genetic elimination of this interneuron population causes a reduction
in extensor amplitude during swimming but not during walking (Zagoraiou et al., 2009).

Contribution of proprioceptive feedback to locomotion.
Sensory feedback networks are deeply integrated into the CPG network to modify
locomotor movements and thus adapt to the immediate surroundings. There are two ways
somatosensory input can influence this. (1) Proprioceptive sensory neurons have their
receptors located in the muscles and joints are excited by body movements to
automatically regulate rhythmic movement. (2) Exteroceptors are located in the skin to
help adjust movement according to external stimuli such as pain. Exteroceptors are not
within the scope of this study and will not be explained here. The effects of
proprioceptive afferent input to the step cycle have been mostly studied in decerebrate
cat. Collectively the group I (tendon organ and muscle spindle primaries) and group II
(muscle spindle secondaries) afferents were shown to affect the CPG in the following
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three ways during locomotion. (1) They can initiate or promote extension and flexion
thus control the transition from one phase of the step cycle to the other. (2) They can
evoke specialized reflexes that counter specific perturbations occurring during stepping.
(3) They have a role in regulating the amount of motor neuron activity such that afferent
feedback from group I extensor muscles accounts for 30–70% of the extensor output
during walking in both man (Stephens and Yang, 1999) and decerebrate cat (Hiebert and
Pearson, 1999). Thus the emerging view is that while the CPG provides the fundamental
pattern of rhythmic hyper- and depolarization of motoneurones, CPG timing and output
are shaped during every step by afferent feedback (discussed in (Pearson, 1995);
(McCrea, 1998). In particular the duration and degree of extensor activity during stance
are regulated by activity in extensor group I afferents.

Muscle activity patterns can serve as a readout of circuit malfunctions.
The sole behavioral outcome of the spinal neural networks is coordinated muscle
movements. Thus a major contributor to the research in deciphering the neural
mechanisms underlying leg coordination is the examination of temporal patterns of
movement and motor activity. Information on EMG patterns of various flexor and
extensor muscles of the limbs was documented in several studies (Akay et al., 2006;
Leblond et al., 2003; Pearson et al., 2005; Roy et al., 1991). Thus our knowledge of
normal muscle activity patterns during locomotor movements is well established.
Combining genetic methods for identifying and modifying groups of neurons with
electromyography (EMG) recording of locomotor tasks provides invaluable insights into
assessing how abnormalities in the pattern-generating networks and sensory feedback
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coordinating rhythmic movements. A number of other studies have combined EMG
analyses with genetic manipulations. Akay et al. used electromyographic characterization
to study the synchronous coordination of the hind legs of the EphA4-null mouse which
show synchronous activity of the hind legs (Akay et al., 2006). Similar methods were
used in showing task-dependent role for a population of cholinergic interneurons in the
modulation of mouse locomotor behavior (Zagoraiou et al., 2009). Both of these studies
show the power of EMG recordings in analyzing the pattern of motor output and
therefore in detecting abnormalities in locomotor behavior.

What is the behavioral outcome of the perturbations in motor pool identities and
topography to spinal circuit function in motor neuron FoxP1 mutants? Comparison of
normal muscle activation patterns to those observed in motor neuron FoxP1 mutants
might provide insights into the effects of such perturbations on the locomotor behavior.
As explained in the previous paragraph, the stereotypic pattern of muscle contractions in
freely moving mice performing locomotor tasks is well characterized for certain limb
muscles (Roy et al., 1991; Akay et al., 2006). Thus in light of the previous knowledge, in
this chapter activity patterns of muscles in motor neuron FoxP1 mutants are analyzed
particularly focusing on the ones with well defined flexor or extensor functions.

3.2. Results:

Loss of pool identities in motor neuron FoxP1 mice changes motor neuron cellular
topography.
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How is motor neuron topography affected by the loss of pool identities? Early
transcriptional identities of motor neurons are known to determine the characteristic
settling positions of motor pools. A wholesale loss of pool identity and conversion to an
HMC-like identity would predict a radical change in the settling positions of these motor
neurons. Initial analysis of motor neuron organization was performed in the FoxP1-/- mice
and motor pool and columnar organization was found disrupted at e 13.5 (Dasen et al.,
2008). The premature death of these mice soon after e13.5 generated certain caveats.
First, although the molecular programs of divisional and pool identities develop by e13.5,
divisional and columelar groups are not physically separated from each other clearly.
Thus, it has not been possible to detect the full extent of perturbations in motor neuron
organization. Second, it was not possible to address in the previous studies whether the
disruption in motor neuron organization is merely a byproduct of a delay in
developmental programs or a permanent effect on cellular organization. Thus I
investigated the topographical organization of motor neurons in the postnatal stages of
life in FoxP1MNΔ mice.

To study the cellular organization of motor neurons in lumbar spinal levels I
detected motor neurons using a general motor neuron marker (Choline acetly transferase)
ChAT at p21. This age was chosen because the motor neuron organization reflects the
adult patterns reliably and it is technically less challenging to identify individual muscles
for dye injections at this age compared to earlier ages. Examination of spinal cord
sections L3-L6 in wild type mice showed characteristic columelar organization as evident
by the physical separation between clustered motor neuron groups and their relative
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positions occupied in the spinal cord. According to this, ventral spinal cord is divided into
four tier domains: the most dorsally positioned tier 1 is occupied by motor neurons
projecting to the foot muscles; the medial portion of tier 2 is occupied by motor neurons
projecting to the posterior crural muscles, the lateral portion of tier 2 is occupied by
motor neurons projecting to the anterior crural muscles; the medial portion of tier 3 is
occupied by motor neurons projecting to the adductor and hamstring muscles; the lateral
portion of tier 3 is occupied by motor neurons projecting to the adductor and hamstring
muscles and tier 4 is occupied by motor neurons projecting to the proximal hip muscles.
These columelar arrangement patterns were found to be very similar to the ones
documented before (McHanwell and Biscoe, 1981; Figure 3.1A).

In FoxP1MNΔ mice the normal spatial separation of motor neuron and columelar
groups was no longer evident, and I detected a systematic ventral shift in the settling
positions of the ChAT+ motor neurons that supply the hind limbs (Figure 3.1B).
According to this, the dorso-ventral positions corresponding to tier 1 and the medial
domain of tier 2 were completely devoid of motor neurons. The MMC neurons were
correctly positioned. I observed an exception to the ventral coherence of limb-innervating
motor neurons in FoxP1MNΔ mutants at L3 and L4 levels, where ~25% of motor neurons
settled in a slightly more dorsal cluster (termed zone 1), segregated from their ventral
(zone 2) neighbors (Figure 3.2). The position of zone 1 roughly matches the wild type
tier 2 position. Most likely zone 1 motor neurons represent the postnatal counterparts to
the set of motor neurons that retained aspects of lateral LMC character at embryonic
stages, with zone 2 neurons corresponding to embryonic neurons with HMC-like
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character. Indeed I observed that Isl1 expression at e17.5, when the zonal separation is
obvious, is restricted to zone 2 cells only, strengthening the argument that zone1 neurons
-

are the Isl1 LMCl-like cells (Figure 3.2).

Analysis of columelar tier positions and rostocaudal extent of motor pools
I next addressed whether the loss of motor neuron FoxP1 disrupts the normal
topographic relationship between the columelar tier position of motor pools and the
proximodistal location of their limb muscle targets. This analysis focused on gluteus
(GL), tibialis anterior (TA), and intrinsic foot (IF) motor neurons that occupy three
different dorsoventral tiers:

tier 4, tier 2 and tier 1, respectively (Figure 3.3A). In

addition I also investigated gastrocnemius (GS) neurons, which are positioned in the
medial domain of tier 2, to provide an intra-tier comparison with antagonistic TA motor
neurons positioned in the lateral domain of tier 2 (Figure 3.3A).

Injection of cholera toxin B (CTB) subunit tracer into the GL, TA, or IF muscles
in p16 wild type mice labeled discrete and tightly coherent clusters of ChAT+ motor
neurons at different and progressively ventral-to-dorsal positions as analyzed in p21
(Figure 3.3B). GS muscle CTB injection revealed that TA and GS motor neurons
occupied the same dorsoventral tier position, with TA pool cluster consistently placed
lateral to the GS cluster. The adjacency of the GS muscle to the biceps femoris (BF) and
semitendinosus (ST) hamstring muscles meant that CTB injections intended to target the
GS muscle often spread to the BF and ST muscles. This resulted in a ~30% incidence of
contamination labeling of BF and ST motor neurons which are positioned in tier 3
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(arrow; Figure 3.2 and 3.4). Together, these findings show that in neonatal mice, as in the
mature cat, the more proximal a muscle within the hindlimb, the more ventral the location
of its cognate motor pool within the LMC.

Every motor pool has a characteristic rostrocaudal span within the columel it
occupies. I next assessed the rostro-caudal position of motor neurons supplying the GL,
TA, IF and GS muscles in FoxP1MNΔ mutants. After CTB tracer injection into individual
muscles, I found that the rostro-caudal segmental distribution of CTB-labeled ChAT+
motor neurons supplying each limb muscle was similar to that seen in wild type mice. TA
motor neurons occupy L3 and L4 segments; GS motor neurons occupy L3, L4 and L5
segments; GL motor neurons occupy L3, L4 and L5 segments and the IF motor neurons
occupy L4, L5 and L6 segments both in the wild type and in FoxP1MNΔ mutants (Figures
3.5). Thus the rostro-caudal span of the analyzed motor pools is not established by
Hox/FoxP1 dependent programs.

In contrast to the maintenance of rostocaudal pool limits, the clustering and
positional stereotypy of motor pools evident in the transverse plane was markedly
disrupted. In FoxP1MNΔ mice, CTB-labeled ‗GL‘ and ‗TA‘ motor neurons that innervate
dorsal muscles were found scattered within both zone 1 and 2 motor neuron groups
(‗MN‘ designation indicates that motor neuron pool ‗identity‘ in FoxP1MNΔ mice is
assigned solely on the basis of muscle target; Figure 3.3). Quantitative analysis of the
scattering of CTB-labeled ‗TA‘ neurons in zones 1 and 2 revealed a pattern
indistinguishable from that achieved through random allocation of position (Figure 3.6).
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In contrast, after GS muscle tracer injection in FoxP1MNΔ mice, I observed that CTBlabeled ‗GS‘ (and contaminating ‗BF‘ and ‗ST‘) motor neurons that innervate ventral
muscles were restricted to the ventral zone 2 group, where they were scattered in an
apparently random manner (Figure 3.6). After IF muscle CTB injection, most ‗IF‘ motor
neurons were detected at caudal segmental levels devoid of zone 1, and were found
scattered (Figure 3.3).

These retrograde tracing studies reveal that loss of motor neuron FoxP1
drastically disrupts the columelar tier positioning of motor pools that project to muscles
occupying discrete proximodistal locations in the limb. These results also support the
idea that the different zonal occupancy of retrogradely-labeled motor neurons has its
origins in the dual molecular character of limb innervating motor neurons in FoxP1MNΔ
mice. In this view, zone 1 motor neurons, which retain early aspects of lateral LMC
character but lack pool identity, project their axons only into the dorsal limb, where they
then select target muscles at random. This explains the absence of motor neurons that
project to GS, BF and ST muscles from zone 1 since these muscles are part of the ventral
musculature. In contrast, zone 2 motor neurons (those devoid of all aspects of LMC
divisional and pool character at embryonic stages) seem to choose dorsal or ventral limb
trajectories in a haphazard manner, and then select target muscles at random. Finally,
these disruptions are not merely a result of a developmental delay but they persist in
postnatal stages.

Motor behavioral defects in motor neuron FoxP1 mice.
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How does the loss of motor neuron pool identities and topography effect motor
coordination? Motor coordination is achieved through precise patterns of muscle
activation, generated and controlled by spinal interneuron networks, descending input
from the brain and sensory input from the periphery. Thus, for motor coordination it is
critical that motor pools receive appropriate inputs from their presynaptic partners. Such
specific connectivity patterns could be established through molecular recognition
between presynaptic neurons and motor neurons. In addition, motor pool topography
might have a role in positioning motor neurons in specific locations and thus making
them available to the incoming localized inputs. A third possibility is that motor neuron
cell body position and molecular identities do not have a major role in circuit formation
and that activity-dependent refinement mechanisms shape the pattern and specificity of
inputs onto the motor neurons. If this third option were the case, the motor output
patterns would be normal in FoxP1MNΔ mice. However at least in the case of monosynaptic sensory motor connectivity this option was weakened by previous studies in
which inhibition of activity during development did not interfere with the formation of
specific connections (Frank and Jackson, 1986).

To address how the loss of motor neuron identity and topography effect
movement I analyzed the behavior of FoxP1MNΔ mice during motor tasks. On a solid
surface, the fore- and hindlimbs of FoxP1MNΔ mice maintain an extended stance with
impaired joint flexion and extension, such that mice propelled themselves forward in an
undulatory manner through deployment of their limbs as non-articulated paddle-like
appendages (Figure 3.7A). The limb extension behavior is observable by birth and the
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locomotor behavioral defects do not resolve with advancing age, indicating that
FoxP1MNΔ mice are not able to correct their maladaptive motor behavior through
experience. All of the FoxP1MNΔ mice, of ages ranging from p45-p60, exhibit a profound
impairment in limb coordination during locomotor behaviors such as walking and
swimming.

To confirm the functionality of the synaptic connections and to get a better idea
about the activity patterns of muscles during behavioral tasks, we performed
electromyographic (EMG) recordings in collaboration with Turgay Akay. EMG signals
recorded via intramuscular electrodes are used to monitor the activity patterns of muscles
while mice perform locomotor movements. The on-off bursting patterns reflect the
temporal characteristics of the muscle‘s activation. First we analyzed the walking EMG
recordings from muscles controlling knee [vastus lateralis (VL)], and ankle [tibialis
anterior (TA) and gastrocnemius (GS)] joints in p45 FoxP1MNΔ mice (Akay et al., 2006).
We were able to record activity through all electrodes. However, they showed no obvious
pattern (Figure 3.7).

The pronounced loss of postural support apparent when FoxP1MNΔ mice were put
on the ground led us to perform EMG recordings during a swimming task that provides
enhanced buoyancy (Zagoraiou et al., 2009). Recordings from the same set of muscles
used during the walking study revealed bursts of muscle activity (Figure 3.8) that had
shorter burst duration than the ones observed in control animals.
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How are the stereotypical muscle activation patterns perturbed in FoxP1MNΔ mice?
The EMG analysis of limb coordination in FoxP1MNΔ mice was focused on TA flexor and
GS extensor muscles that exert opponent functions at the ankle joint (ref). Swimming
episodes in wild type mice elicited ipsilateral limb TA and GS bursting in precise
alternating phase (Figure 3.8). In addition, ipsi- and contralateral limb TA muscles
exhibited a clear alternation in burst activity (Figure 3.8). In FoxP1MNΔ mice, ipsilateral
limb TA and GS muscles exhibited short-duration burst activity, but the phase of muscle
bursts was synchronous rather than alternating (Figure 3.8). Moreover the VL activity
was found to be synchronous with the TA and GS showing that muscle activity patterns
are disrupted both around a single joint and in between joints. Burst activity in ipsi- and
contralateral TA muscles remained in alternating phase, (Figure 3.8), an indication of the
preservation of commissural interneuronal connections that underlie left-right phasing.
The synchronous firing pattern observed during swimming indicates that the neural
networks that normally ensure non-overlapping firing of antagonist muscles are not
functioning properly in FoxP1MNΔ mice.
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Figure 3.1. Organization of motor neurons in control and FoxP1MNΔ mice
A. Motor neuron position in ~p20 control FoxPfl mice. Top row shows approximate
columelar positions at L2 to L5 segmental levels of mouse lumbar spinal cord, based on
our observations and those of McHanwell and Biscoe (1980). Color code and
abbreviations: MMC indicates median motor column, S indicates sacral level motor
neurons, dark blue/ proximal hip (PH), gray/ iliopsoas (IP), light green/adductors (A),
pink/quadriceps

(Q),

orange/

hamstring

(H),

red/anterior

crural

(AC),

dark

green/posterior crural (PC), purple/ foot (F). Lumbar (L) and sacral (S) segmental levels
are indicated. Diagram derived from data in Vanderhorst and Holstege, 1997.

B. Motor neuron position in lumbar spinal cord of ~p20 FoxP1MNΔ mice. Top row shows
motor neuron settling positions at L3 to L5 segmental levels. Second row shows motor
neuron position at representative L2 to L5 level sections, revealed by ChAT
immunoreactivity. Green/gray zone indicates position of motor neurons with presumed
lateral LMC-like identity at e13.0 (Rousso et al., 2008; data not shown). Blue/gray
indicates motor neurons presumed to posses HMC-like identity at embryonic stages.
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Figure 3.2. Residual columnar identity in FoxP1MNΔ mice
A. Top: schematic organization of motor columels at caudal L3 spinal levels. Motor
neurons are revealed by ChAT immunoreactivity. For color codes see Figure 3.1.
Bottom: Lateral (orange arrow) and medial (white arrow) columels can be distinguished
by their Isl1 expression status at e17.5. Neurotrace is a fluorescent Nissl stain that marks
all neurons (n=2 mice)
B. Top: organization of motor neurons in FoxP1MNΔ mice. Among the two groups of
motor neurons the dorsolaterally positioned one is named zone1 and the ventrally
positioned bigger population called zone 2. Motor neurons are revealed by ChAT
immunoreactivity. Bottom: Many zone 2 neurons (bottom arrows) express Isl1 as an
indication of their HMC-like character. None of the zone 1 neurons (top arrows) express
Isl1, reinforcing the view that these cells have a residual columnar identity resembling
LMCl neurons (n=2 mice).
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Figure 3.3 Motor neuron scattering in FoxP1 mutants disrupts topographic motor
mapping
A. The proximodistal position of muscle synergy groups in the cat hindlimb. Columelar
organization along the dorsoventral axis of the lumbar lateral motor column.
Rostrocaudal segemental position has been conflated to generate a single 2-dimensional
image. Columels have been assigned to one of four dorsoventral tiers that correspond to
innervation of muscles that, by and large, control individual joints: tier 1 = foot; tier 2 =
ankle; tier 3 = knee; tier 4 = hip. Columels in tiers 2 and 3 occupy medial (PC) or lateral
(AC), or both (A) divisions of the lateral motor column. The approximate position of
relevant motor pools (IF intrinsic foot; GS gastrocnemius; TA tibialis anterior; GL
gluteus; BF biceps femoris; ST semitendinosus) within parental columelar groups is
shown. Color code as in Figure3.1.
B. The clustered organization of CTB-labeled ChAT+ motor neuron pools after tracer
injection into TA, GL, IF and GL muscles, individually in ~p20 control mice. Arrow in
GS panel shows ventral CTB-labeled BF and/or ST motor neurons, and results from
tracer leakage from GS muscle.
C. Motor neuron position in lumbar spinal cord of ~p20 FoxP1MNΔ mice. The distribution
of CTB-labeled motor neuron pools were analyzed after tracer injection into TA, GS, GL
or IF muscles. Zone 1 occupancy is restricted to ‗TA‘, ‗GL‘ and ‗IF‘ motor neurons that
innervate dorsal muscle targets. Zone 2 contains motor neurons that project either to
dorsal or ventral ‗GS‘, ‗BF‘ and ‗ST‘ muscles.
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Figure 3.4. Confirmation of tier 3 location of biceps femoris and semitendinosus
motor neurons
A. Retrograde labeling of BF-ST (CTB-Alexa555) and GS* (CTB-Alexa488, green) motor
neurons. Inset showing colabeled motor neurons after GS and BF-ST injections,
indicating that GS muscle injections label contaminating BF and/or ST motor neurons.
B. Retrograde labeling of GS* (CTB-Alexa488, green) motor neurons. Note the ventral
position of contaminating BF-ST ChAT+ motor neurons.
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Figure 3.5. Rostrocaudal positioning of individual motor pools does not change in
FoxP1MNΔ mice
Diagrams show approximate rostrocaudal segmental location of individual motor pools.
The solid colored bar represents the columel that the injected muscle belongs to. The
scattered positions of motor neuron cell bodies are indicated in FoxP1MNΔ mice. (n= 3
mice per genotype)
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Figure 3.6
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Figure 3.6. Spatial analysis of motor neuron positioning in motor neuron FoxP1
mutants
A. Scattering of CTB-labeled ‗TA‘ neurons in p18 FoxP1MNΔ mice within the general
ChAT+ motor neuron population.
B. TA motor neuron distribution in control FoxP1fl mice. The summed pair-wise distance
between all CTB-labeled motor neurons present in a single section (n=5) is represented
by the red dot. This value was compared to a random distribution obtained by 200-fold
iterative shuffling of the location of CTB-labeled neurons and re-computing summed
pair-wise distances, to yield a distribution histogram. Mean (black circle) and standard
deviations (black line) are shown. The distributions of actual and randomly shuffled
motor neuron positions differ by 2.86 standard deviations.
C. ‗TA‘ motor neuron distribution in mutant FoxP1MNΔ mice. The pair-wise distance
value derived from experimentally observed positions differs from the mean of the
randomly derived distribution by 0.25 standard deviations.
D. Analysis of 22 FoxP1MNΔ mutant and 12 FoxP1fl control sections. For control sections
the mean pair-wise distance (z score) between CTB-labeled neurons was 4.06 standard
deviations separated from random prediction. In contrast, the mean z-score in FoxP1MNΔ
mutant sections was only 0.06 standard deviations separated from random prediction.
Red dots indicate analysis derived from sections shown in B and C.
E. Scattering of CTB-labeled ‗GS‘ neurons in p18 FoxP1MNΔ mice. Motor neurons
revealed by ChAT expression.
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Figure 3.7
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Figure 3.7. Locomotor defects observed in FoxP1MNΔ mice
A. Mutant mice exhibit postural and locomotor defects from the time of birth. These mice
were 3 weeks old at the time this image was acquired. The mutant mice keep their limbs
in an extended position and cannot stand on their feet instead they crawl. Images are
taken after mice were put on a solid ground. All mutant mice examined showed the same
phenotype and could be identified as mutant at birth.
B. EMG recordings during walking from ipsilateral VL:vastus lateralis, TA: tibialis
anterior, GS: gastrocnemius and contralateral TA muscles at ~p60. Although acitivty was
recorded from each muscle, there was no obvious pattern or coordination in these muscle
recordings.
C. Decompressed representation of recordings from box in B.
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Figure 3.8
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Figure 3.8. Locomotor defects in FoxP1MNΔ mice during swimming
A. EMG recodings during swimming from ipsilateral VL, GS, TA and contralateral TA
muscles from ~p60 FoxP1MNΔ mice during swimming. Note the synchronous EMG bursts
from all ipsilateral muscles.
B. Left: EMG pattern of ipsilateral TA and GS and contralateral TA muscles in control
animals. Right: Decompressed representation of recordings from box in B.
C. Autocorrelograms of muscle burst patterns of right TA compared to left TA and right
GS in ~p60 control FoxP1fl and mutant FoxP1MNΔ mice, during swimming.
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3.3. Chapter Discussion:

In this chapter I characterized the changes in the cellular organization of motor
neurons due to the loss of Hox/FoxP1 generated identities. The dramatic changes in the
molecular identity of motor neurons in the absence of FoxP1 cause the disruption of
topographic organization of motor columns, columels and pools. Neither pool clustering
nor characteristic pool positioning occurs in these mice. They show severe motor
behavioral defects manifested as a loss of coordinated muscle activity pattern and
emergence of synchronous activity between flexor and extensor muscles. These results
suggest that the loss of coordinated motor movement in the absence of FoxP1 might be
due to central connectivity defects.

Interpretation of axonal projection patterns in the motor neuron FoxP1 mice
The axonal projection patterns observed in the FoxP1MNΔ mice can be classified in
two groups. The HMC-like cells do not seem to show a preference between the dorsal
and ventral limb musculature. Upon dye injections into both the dorsal (TA and GL) and
ventral (GS, BF, ST) muscles cell bodies were detected in the HMC-like zone 2
population. This suggests that devoid of the effects of the FoxP1/Hox program motor
axons of HMC cells are not able to respond to local cues that promote the selection of a
specific path.

The LMCl-like neurons that reside in zone 1 on the other hand showed a strict
preference for the dorsal muscles (TA and GL) and avoided projecting to the ventral GS,
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BF and ST muscles. According to current knowledge, two ligand/receptor systems are
required to direct the axons of LMCl cells to the dorsal limb musculature. LMCl neurons
express the Eph4 receptor which mediates repulsion elicited by ephrin A‘s expressed in
ventral limb mesoderm (Helmbacher et al., 2000; Kania and Jessell 2003; Eberhart et al.,
2000). The second signaling system is an attraction interaction between LMCl neurons
that express high levels of Ret and GDNF that is present in the dorsal mesenchyme at the
D-V choice point. Ret protein combined with the Gfra receptor mediate the attraction of
LMCl axons towards GDNF expressing dorsal plexus (Kramer et al., 2006).

In both Eph4 and Ret mutants the diameter of the peroneal nerve which contains
LMCl axons was decreased and the diameter of the tibial nerve which contains LMCm
axons was increased. Although the dorsally projecting nerve was thinner a portion of
axons still projected dorsally. The strict preference of LMCl-like zone 1 motor neuron
axons in the FoxP1MNΔ mice might be a consequence of residual activities associated with
these two signaling systems as a consequence of retaining Lhx1 expression.

Separation between zone 1 and zone 2 cells can be explained by differential expression of
LIM homeodomain proteins.
LIM homeodomain proteins regulate the columnar and divisional settling positions
of spinal motor neurons. Previous findings suggest that FoxP1, Lhx1, and Isl1 control the
migration of LMC cell bodies within the ventral horn by restricting the expression of
specific effectors of neuronal migration and clustering such as cadherins (Kania and
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Jessell, 2003). Thus it is likely that the difference in the settling positions between zone 1
and zone 2 cells in the FoxP1MNΔ mutants are due to the expression of column specific
genes that control cell body migration and clustering.

Motor neuron columelar and pool topography is disrupted in FoxP1MNΔ mice
Loss of motor neuron identities results in a permanent disruption in the sorting and
positioning of motor columels and pools. Molecular mechanisms regulating pool
positioning and clustering of all motor neuron pools are not understood. The peripherallyinduced ETS transcription factor Pea3 is known to regulate precise positioning of the CM
and LD pools (Livet et al., 2002). In addition, absence of the Nkx class transcription
factor Nkx6.1 causes pool clustering defects (De Marco Garcia and Jessell, 2008). These
transcription factors are thought to activate cell surface adhesion molecules which anchor
motor neurons of a given pool together. A similar strategy could apply to the clustering of
synergistic pools together within the boundaries a columel through interactions between
cell surface molecules.

What surface molecules regulate cell sorting in motor neurons? Studies so far
indicate that classical cadherins represent the main class of recognition proteins
regulating the sorting of spinal motor neurons (Price and Biscoe, 2004, Demireva et al.,
2011). In chick embryos, molecular manipulation of type II cadherin expression profiles
disrupts the normal settling patterns of motor pools (Price et al., 2002; Patel et al., 2006).
The regulation of cadherin expression by ETS genes was documented in a number of
studies (Gory et al., 1998). In mouse, loss of Pea3 is accompanied by the loss of cadherin
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8 which might be responsible for the positional defects observed in the Pea3 null mice
(Livet et al., 2002). More compellingly it was recently shown that a wholesale disruption
of classical cadherin mediated recognition and adhesion through abolishing β- and γcatenin activities disrupts motor neuron cell body positioning (Demireva et al., 2011).
Thus pool transcriptional identities might be converted to a cadherin code.

It is interesting to note that mice in which some type II cadherins have been
inactivated by gene targeting exhibit no obvious defects in motor neuron cell body
position (Demireva, Price, Zampieri and Jessell unpublished data). This can be explained
by the high degree of diversity in the expression of cadherins and possible compensatory
actions between different types of cadherins. Moreover heterotypic adhesive properties
exist between some types of cadherins (Katsamba et al., 2009; Shimoyama et al., 2000)
(Zampieri and Jessell unpublished data) which adds an additional layer of complexity to
the combinatorial usage of cadherin proteins. Thus the complexity of cadherin
interactions and the high number of different cahderins might be all that is needed to
generate the intricate organization of motor pools within the spinal cord. The absence of
FoxP1 disrupts topographic map formation of motor neurons possibly through interfering
with the above mentioned transcription factors and pool specific cadherin and other
adhesion molecules.

One unanswered issue in the analysis of FoxP1-/- mice was whether the observed
cellular phenotypes were corrected in later developmental stages, which could not be
analyzed due to the early death of FoxP1-/- embryos. This could happen if there were
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compensatory mechanisms that could replace FoxP1 activity or if interactions with the
periphery exposed motor neurons to signals that could induce certain aspects of motor
pool character. A third possibility is that FoxP1 only controls the timing of emergence of
pool identities and that pool identities can emerge in the absence of FoxP1 though in later
developmental stages. However results presented in this chapter show that cellular
changes observed during development do not result from a delay in development and are
not corrected at postnatal stages.

Behavioral defects in the FoxP1MNΔ mutants are indicative of central connectivity defects.
Two features of the EMG recordings in FoxP1MNΔ mice are noteworthy. First, the
activity during swimming occurs as episodic bursts. This rhythmic activity suggests that
at least the core components of the connections between motor neurons and glutamatergic
excitatory networks that provide rhythm generation are functional in FoxP1MNΔ mice.
However differences in the duration of the bursts are noticed in FoxP1MNΔ mice such that
they are shorter than the bursts observed in the wild type mice. Interneurons with
rhythmogenic capacity are known to make direct connections on motor neurons
(Dougherty and Kiehn, 2010; Ziskind-Conhaim et al., 2010). However whether they play
roles in setting up the rhythym of locomotion is not clearly understood. The detailed
connectivity profiles of these interneurons with motor neurons are also unknown, mostly
due to the limitations of molecular markers for labeling these cells. Thus assessing the
contribution of potential connectivity defects to the observed motor behavior in
FoxP1MNΔ mice awaits a detailed understanding of the spinal interneuron circuits.
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Second, during swimming all muscles we analyzed showed synchronous activity,
which is a pattern that is very much different from the normal patterns observed in wild
type mice. It is difficult to pin down the exact cause of this disruption in muscle activity
pattern. One possibility is that there is a dramatic change in the spinal circuitry where the
switch to HMC-like identity in motor neurons influences the spinal network in such a
dramatic way that the lumbar spinal network is transformed to a more thoracic-like
network. The consequence of this would be the activation of limb muscles by a thoraciclike pattern generator network. When thoracic spinal cord is transplanted into the lumbar
spinal cord of the chick the limb muscles show synchronous firing akin to the firing
pattern of thoracic muscles (O‘Brien and Oppenheim, 1990). However there is yet no
evidence for motor neuron identities having any effect on the development and
differentiation of interneurons.

It is also possible that the synchronous firing of muscles is caused by innervation of
two different muscles by the same motor neuron. This would predict that if two muscles
are injected with two different retrograde tracers, there must be some cell bodies that
contain both tracers. However I did not observe this case following labeling of GS and
TA motor neurons (Figure 3.9)

How else could the molecular/positional changes in motor neurons contribute to the
observed synchronous firing of motor neurons? According to the current understanding
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Figure 3.9. Cross innervation defects were not detected in FoxP1MNΔ mice
Retrograde tracers with different fluorophore conjugations were injected in TA and GS
muscles to mark motor neuron populations in different colors. No double labeled motor
neuron cell bodies were observed indicating that a single motor axon does not innervate
two muscles.
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of spinal networks flexor-extensor alternation is assured through alternate activity of a
flexor and an extensor module. The non-overlapping activity of these two modules is
ensured by mutual inhibitory interconnections between them. Moreover, reciprocal Ia
inhibitory interneurons and Renshaw cells and a great deal of sensory feedback on both
the interneuron networks and directly onto motor neurons are required to ensure accurate
patterning of flexor-extensor muscle activity. The specific wiring of these neural
networks that are in charge of generating and modulating flexor extensor alternation
might be disrupted in the absence of motor pool identities.

Another possibility is the potential effects of scrambling motor pools on gap
junctional coupling. Motor neurons are electrically coupled during development but
coupling gradually disappears and is no longer detectable after the first postnatal week
(Chang et al., 1999). This electrical coupling was shown to contribute at least in part to
the temporal correlations in motor unit activity during early postnatal days that are
important for neuromuscular synapse elimination programs (Personius and BaliceGordon, 2001; Personius et al., 2007). The exact function of electrical coupling in other
parts of the brain is not so clear but to date findings imply that it has a role in many
aspects of neural circuits. For example, electrical synapses between inhibitory
interneurons facilitate the synchronization of pyramidal cells. In this way, they contribute
to the generation of oscillatory network activity correlated with higher cortical functions
(Gibson et al., 1999). Early on during development, all motor neurons are coupled by gap
junctions. Because motor pools emerge very early and motor neurons of the same pool
cluster together, coupling between the cells of the same pool are presumably stronger
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than the inter-pool coupling. Indeed there are limitations to the distance between neurons
and their ability to be junctionally coupled in other areas of the brain (Amitai Y et al.,
2002). It is possible that the strong junctional coupling within a motor pool causes the
motor neurons to be metabolically and electronically synchronized and tuned to specific
inputs. Long-term effects of this early coupling might prevail in the adult after the
coupling ends through indirect mechanisms. Since pool clustering and segregation does
not take place in the FoxP1MNΔ mice, motor neurons projecting to different muscles might
be strongly coupled because of their adjacent positions. And this early coupling may be
reflected in the late synchronous activity patterns observed in the FoxP1MNΔ mice.
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CHAPTER 4: Monosynaptic sensory-motor specificity and its disruption in motor
neuron FoxP1-deficient mice

Summary:
Coordinated motor behavior is a product of specific interactions between sensory
afferents carrying proprioceptive information from the periphery, rhythm and patterngenerating interneuronal circuits, and motor neurons that integrate diverse inputs to
control the final output of the system. In conditional FoxP1 mutants, muscles are
innervated, however these mice show severe movement deficiencies indicating central
connectivity defects between sensory or interneurons projecting onto motor neurons.
With this prediction, this chapter focuses on investigating connectivity defects in the
monosynaptic connections between group Ia sensory afferents and motor neurons. In
order to do this, first a light microscopy-based specificity assay was developed. Using
this assay monosynaptic connectivity profiles were examined and documented in wild
type and conditional FoxP1 mice. Several connectivity defects were observed in the
monosynaptic reflex arc in conditional FoxP1 mice, and these might contribute to the
observed movement defects and provide insights into the mechanistic rules of
establishing sensory-motor connectivity.

4.1. Introduction:

Proprioceptive sensory feedback is a major contributor to locomotor behavior
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The activities of spinal interneurons combined with sensory feedback from the
periphery together ensure the generation and progression of smooth movement. While
spinal interneurons play an integral role in establishing the locomotor rhythm and pattern
of muscle contractions, sensory feedback ensures the continuity of smooth muscle
movement and postural regulation. During standing and locomotion, postural
disturbances are counteracted by forces generated through the effects of proprioceptive
sensory feedback (Latash, 2002). Proprioceptive sensory feedback is also required for the
normal progression of the walking step cycle (Grillner and Rossignol, 1978; Hiebert et
al., 1996) and its modification (Whelan et al 1995).

Proprioceptive sensation results from the collective actions of three types of
mechanoreceptors that reside in muscle spindles and joints, which together convey
information regarding the stationary position of the limb and direction of limb movement.
Group Ia afferents terminate in primary spindle endings of the intrafusal muscle fibers,
which contain muscle stretch sensitive mechanoreceptors sensitive to muscle length and
rate of change of length. Group II afferents innervate secondary spindle endings where
they connect with intrafusal muscle fibers to primarily detect changes in muscle length.
Group Ib fibers on the other hand innervate the myotendinous junctions at Golgi tendon
organs detecting muscle tension.

Among these proprioceptors, group Ia proprioceptive afferents are the best
studied. Group Ia afferents form direct monosynaptic connections with motor neurons.
Upon stretch of the muscle, group Ia proprioceptive afferents are activated and in turn
monosynaptically excite alpha-motor neurons which consequently induce contraction of
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the muscle. Although both group Ib and group II sensory afferents play important roles in
the control of movement, the scope of this study is limited to the examination of how
group Ia sensory-motor circuit specificity is affected in the absence of FoxP1/Hox
dependent differentiation programs.

Rules of connectivity in the monosynaptic reflex arcs.
Connections with monosynaptic latencies between individual peripheral nerves
and motor neurons that innervate the same muscle were first identified in cat hindlimb
(Eccles et al., 1957). In cat it was observed that the monosynaptic input onto a motor
neuron provided by group Ia sensory afferents makes up 1 – 2 % of its total synaptic
input. Each group Ia proprioceptive sensory afferent sends ~10 collaterals along the
longitudinal axis of the spinal cord after dorsal root entry to connect with all or nearly all
of its homonymous motor neurons. Every collateral makes 3-5 monosynaptic connections
to a homonymous motor neuron and 2- 3 connections to a synergistic motor neuron
(Brown, 1981). The general principle of connectivity that emerged is the following:
Group Ia proprioceptive sensory afferents form strong homonymous connections with
―self‖ motor neurons that innervate the same muscle, weaker heteronymous connections
with motor neurons that innervate muscles with synergistic functions and avoid
connecting to motor neurons that innervate muscles with opponent and irrelevant
functions (Baldissera, 1981; Eccles and Lundberg, 1958). In addition to the cat hindlimb,
research conducted in cat forelimb (Fritz et al., 1989), the baboon forearm (Clough et al.,
1968) and hindlimb (Hongo et al., 1984) and in humans showed that the rules of
monosynaptic connectivity broadly apply to all species examined.
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The homonymous nature of group Ia excitation coupled with the simultaneous
input to synergistic muscle groups led to the concept of a ―myotactic unit‖ in which all
muscles acting at the same joint with the same function are collected into a functional
unit by monosynaptic Ia excitation. Additional studies showed that the Ia synergism is
not necessarily restricted to mechanical agonists operating at the same joint but may
include distant muscles operating at different joints. For example, bidirectional excitatory
connections between quadriceps and adductor femoris and unidirectional connections
from quadriceps to soleus were reported in cat (Eccles et al., 1957; Eccles and Lundberg,
1958) which were believed to have evolved to assist feline locomotion (Eccles and
Lundberg, 1958; Engberg and Lundberg, 1969). Such across-joint excitatory connections
appear to be weaker than the ones linking the muscles of a synergist group (Wilmink and
Nichols, 2003) and may therefore be less important in mediating muscle coordination. It
is also not known to what extent they exist in other species.

Mechanisms of establishing sensory-motor connectivity are largely undefined
How these complex connectivity patterns are established is a poorly understood
question. One observation that has strongly influenced the field is that the specific
monosynaptic connectivity patterns emerge from the onset when sensory neurons first
form contacts with motor neurons. Based on studies mainly by Frank and colleagues it
has been suggested that these connections are assembled in an activity independent
manner because of their adult-like specificity observed soon after the formation of these
connections at late embryonic stages (Frank and Jackson, 1986; Frank and Westerfield,
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1983; Wenner and Frank, 1995). In support of this hypothesis, specificity of sensorymotor monosynaptic connectivity is preserved under conditions in which neuronal
activity is blocked by chronic application of d-tubocurarine (dtc) in chick embryos during
the period when sensory-motor connections are forming (Mendelson and Frank, 1991).
Thus, these studies suggested that the monosynaptic stretch reflex arcs are hard-wired.

Since patterned activity during development was shown not to contribute to the
assembly of the sensory motor connections, emphasis was put on a presumptive
molecular mechanism to explain the establishment of connectivity in the sensory motor
reflex arm. According to this hypothesis, motor pools are thought to provide attractant
and repulsive cues, which would pull homonymous afferents towards their respective
motor pools and push the antagonistic afferents away. Such a mechanism would require
each motor pool to carry a unique molecular identity and their respective sensory
afferents to be responsive to such identities. Supporting such a molecular matching
hypothesis, a study in chick suggested that by virtue of their restricted expression in
functionally related motor neuron pool and muscle sensory afferent subtypes, ETS genes
could participate in the development of selective sensory-motor circuits in the spinal cord
(Lin et al., 1998). However no supportive evidence has emerged for an ―ETS gene based
molecular matching system‖ to be in effect for specificity of monosynaptic connections.

The roles of ETS genes in the establishment of sensory motor connections were
studied in mice. In Er81 mutant mice, elimination of the Er81 gene was shown to cause a
reduction of terminations of group Ia sensory afferents in a ventral termination zone in
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the spinal cord (Arber et al., 2000) accompanied by motor deficits and an abnormal
extensor-flexor posturing of the limbs. It was reported that the monosynaptic input from
group Ia sensory afferents onto motor neurons is dramatically reduced compared to that
detected in wild-type mice (Arber et al., 2000). However it remains unknown whether the
remaining monosynaptic connections obey specificity rules.

The ETS gene Pea3 is expressed in two brachial motor pools projecting to the
cutaneous maximus (CM) and the latissimus dorsi (LD) muscles. The CM motor neurons
are placed in an extreme ventral position close to the border between the spinal white and
gray matters. Dendrites of the CM motor neurons almost entirely avoid the central gray
matter and unlike most other motor pools do not receive any mono-synaptic sensory input
from CM or any other muscle sensory afferents. When Pea3 was deleted, ectopic
monosynaptic EPSPs were recorded from the CM motor neurons induced by Triceps
(Tri) muscle sensory afferents (Vrieseling and Arber, 2006). However this study did not
clarify the reasons for seeing these ectopic Tri projections onto the CM motor neurons.
Absence of Pea3 has multiple effects on the CM cells; CM dendrites acquire a radial
orientation and Cm cell bodies undergo a change in cell body position and are misplaced
to occupy the position that is normally occupied by the Tri cell bodies. It remains unclear
how these changes contribute to the mistakes observed in the sensory-motor connectivity.

Additional studies provided more insight into the molecular mechanisms of sensory
afferent development and motor neuron connectivity concerning molecules other than the
ETS genes. Pea3 regulates expression of the class 3 semaphorin Sema3e which is a cell
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surface recognition molecule. A recognition system involving expression of Sema3e by
the CM motor neurons, and its high-affinity receptor plexin D1 (Plxnd1) by
proprioceptive sensory neurons, is shown to be a critical factor in homonymous
connectivity. Loss of Sema3e-PlexinD1 signaling results in the appearance of
monosynaptic connections between CM afferents and CM motor neurons. Moreover,
ectopic Sema3e expression reduces monosynaptic connections between triceps (Tri)
afferents and motor neurons (Pecho-Vrieseling et al., 2009). However, although changing
the profile of Sema3e–Plxnd1 signaling in sensory or motor neurons results in functional
and anatomical rewiring of monosynaptic connections, it does not alter motor pool
specificity. This suggests that the connectivity defects observed in Pea3-/- mice might be
due to the change in motor neuron cell body positioning and dendritic morphology.

Overall, studies so far have failed in deciphering the presumptive role of cellular
identities of motor and sensory neurons in the formation of specific sensory motor
connections. This chapter aims to provide more insight into the requirement of motor
pool identities in the establishment of sensory-motor connectivity.

Methods of analysis of monosynaptic connectivity
Several electrophysiological methods have been developed to test the
monosynaptic connectivity patterns. Intracellular recordings of motor neuron activity
upon stimulation of primary sensory afferents through peripheral nerves or the entire
dorsal root or upon muscle stimulation have been widely used. Despite being an effective
method in testing sensory-motor specificity recording activity from motor neurons is
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technically challenging and the validity of conclusions depends on the accuracy of
latency measurements to identify the monosynaptic character of the responses recorded
from motor neurons. In addition, synaptic inputs from different sources might be located
in specific domains of the cell surface, which can provide important insights into the
rules of connectivity and synapse formation. Since intracellular recordings reflect the
total activity as measured from the cell soma, they cannot provide detailed anatomical
information about the subcellular distribution of synapses on the cell surface.

Here I present an alternative method to visualize and criteria to evaluate synaptic
contacts between a select set of Ia primary afferent neurons and motor neurons at high
resolution using light microscopy. The ability to test monosynaptic connectivity in the
sensory reflex arc with light microscopic analysis provides a method to study the
mechanisms that give rise to specificity in this spinal circuit.

Tools for assaying connectivity using light microscopy:
Visualizing neural circuits requires that the pre- and postsynaptic elements can be
unambiguously identified. The expanding knowledge of the molecular properties of
neuronal populations and molecular tools to specifically label neurons presents useful
strategies to overcome this problem. Identifying distinct classes of neurons has become
possible as more neuropeptides, transcription factors, receptors, and enzymes are
discovered that are expressed selectively in neuronal populations that share the same
function (Betley et al., 2009; Molyneaux et al., 2007; Nelson et al., 2006). In addition, the
application of genetic techniques allows for the selective expression of fluorescent
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proteins in subsets of neurons by recapitulating the expression of a particular genetic
locus (Feng et al., 2000; Wichterle et al., 2002). Despite these advances, applying genetic
methods to visualize a specific pool of motor or sensory neurons remains impractical due
to the lack of specific pool markers. Alternatively, usage of tracer molecules when
applied to the target areas of neurons enables labeling of a specific group of cells with
shared targets (recent examples: (Shneider et al., 2009; De Marco Garcia and Jessell,
2008). Collectively, these techniques allow for cell type specific visualization of
individual neurons and their respective synaptic inputs. In this study, I took advantage of
retrograde tracer dyes to label motor neuron cell bodies and synaptic terminals sensory
afferents that are projecting onto identified muscles.

Visualizing the monosynaptic stretch reflex circuit in the spinal cord
Tracer dyes have been used in many previous studies to visualize sensory
afferents and motor neurons in the spinal cord. The use of intra-axonal injection of
horseradish peroxidase (HRP) has permitted detailed and elegant studies of the anatomy
of the intraspinal collaterals of functionally identified group Ia fibers (Brown and Fyffe,
1978; Ishizuka et al., 1979; Iles, 1976). Labeling of the motor neurons as well as the
sensory afferents and subsequently reconstructing the presumptive bouton contacts were
the first attempts to study the anatomy of group Ia synapses onto motor neuron cell
bodies and dendrites (Burke et al., 1979; Brown and Fyffe, 1981). Moreover studies of
the ultrastructural features of HRP labeled Ia boutons revealed detailed characteristics of
synaptic terminals (Conradi et al., 1983; Fyffe and Light, 1984; Pierce and Mendell,
1993). Moreover, specificity in monosynaptic connections was observed through HRP
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fills of single motor and sensory neurons that innervate the same or synergistic muscles
(Brown and Fyffe, 1981). Although these methods provided a large amount of
information about synaptic connectivity it is technically difficult to access individual
cells and this enables analysis of only a few cells per experiment.

A more thorough analysis of synaptic connectivity required a faster and high
throughput method of labeling specific populations of motor and sensory neurons. In my
studies I took advantage of the labeling efficiency of cholera toxin B-subunit (CTB) and
fluorophore conjugated dextrans. CTB is the beta subunit of the bacterial cholera toxin. It
is transported by an active transport mechanism in vesicles and stays in vesicles. It is
retrogradely, anterogradely and tranganglionically transported. It can be detected by
immunohistochemistry. CTB is a bacterial toxin that binds to cell membrane
glycoconjugates, especially to the monoganglioside GM1 (Cuatrecasas, 1973; Holmgren
et al., 1973). The binding site of the cholera toxin molecule is located at its B subunit,
also called choleragenoid, which is responsible for the uptake characteristics of this toxin
(Dumas et al., 1979; Stoeckel et al., 1977). Since its introduction by Stoeckel et al., 1977,
CTB and its conjugates have been used as anterograde and transganglionic tracers to
demonstrate the central terminal fields of primary afferents in many studies (Trojanowski
et al., 1981; Wan et al., 1982a; Wan et al., 1982b; Robertson and Grant, 1985; LaMotte et
al., 1991).

Dextrans are polysaccharides that are passively taken up by lesioned fibers and
cells. They are primarily retrogradely and anterogradely transported. Both CTB and
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fluorophore coupled dextrans have been used as retrograde tracers to visualize individual
motor pools upon their application to the muscles (Curfs et al., 1993; De Marco Garcia
and Jessell, 2008; Shneider et al., 2009; Vrieseling and Arber, 2006). Moreover CTB has
documented to localize in primary afferent terminals in the spinal cord upon muscle
injection as confirmed by EM analysis (Yang and Lemon, 2003). Using these two dyes in
combination I developed an assay to test monosynaptic sensory motor specificity which
will be described in the results section of this chapter.

Identification of synaptic contact sites.
In designing a synaptic specificity assay, it is essential to have a reliable method
for identifying a varicose site of contact between two neurons as a synapse. There are
various synaptic proteins that can be used for verifying that a contact is indeed a synapse.
Synaptic events rely on membrane trafficking and vesicle release, thus synapses are
composed of synaptic vesicles, active zone proteins, and exocytosis machinery in the
presynaptic terminal and are aligned with a postsynaptic membrane containing receptors
in a molecular scaffolding (Ahmari et al., 2000; Ziv and Garner, 2004). Proteins that
populate the presynaptic terminal include integral membrane proteins such as SV2,
synaptotagmin and synaptophysin that are localized to the synaptic membrane vesicle
(Petrenko et al., 1991; Wiedenmann and Franke, 1985), proteins like bassoon and piccolo
that are responsible for forming the functional cytoarchitecture of the active zone
(Shapira et al., 2003) (tom Dieck et al., 1998) neurotransmitter transporters and synthetic
enzymes (Fujiyama et al., 2001; Gasnier, 2000; Wood, 1975). The postsynaptic terminal
consists of neurotransmitter receptors and scaffolding proteins that tether these receptors

159
to the postsynaptic membrane. The presence of the above-mentioned proteins is essential
to conclude that two neurons are forming a synaptic contact.

Identification of Ia sensory afferent terminals on motor neurons
In addition to general synaptic markers, synapses also contain a variety of
neurotransmitter synthetic enzymes and transporters, as well as postsynaptic receptors,
that reflect the nature of their neurotransmitter phenotype. Most prominently, excitatory
synapses have a machinery for the transport and release of neurotransmitters such as
glutamate and acethylcholine and inhibitory synapses synthesize and release
neurotransmitters such as GABA and glycine (Bellocchio et al., 2000; Martin, 1993). The
differences in the presynaptic neurotransmitter type are also reflected by the postsynaptic
membrane, as receptors juxtaposed to the presynaptic terminal are specific for the
transmitter being released. Moreover the scaffolding proteins that cluster these receptors
are also the products of different genes (Olsen and Tobin, 1990). These differences in the
neurotransmitter type make it easier to identify synapses on a source-specific basis.

Two vesicular glutamate transporters vGluT1 and vGluT2, have been shown to be
present in axons belonging to largely nonoverlapping populations of glutamatergic
neurons throughout the CNS (Sakata-Haga et al., 2001; Kaneko et al., 2002). More
specifically in the spinal cord, vGluT2 is found throughout the gray matter whereas
vGluT1 is present in laminae III-VI, the intermediate gray matter and the ventral horn
(Varoqui et al., 2002). Among the sensory afferent, vGluT1 is expressed by low threshold
cutaneous afferents and proprioceptive myelinated afferents and vGluT2 is associated
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with nociceptive afferents (Todd et al., 2003). I took advantage of this distinction and
used vGluT1 immunostanings to identify the synaptic boutons of group Ia proprioceptive
sensory neurons on motor neurons.

How is sensory-motor connection specificity affected by the disruption of
FoxP1/Hox regulated motor neuron identities? Do group Ia sensory afferents still project
to the ventral spinal cord? If so, can they still recognize their anatomically correct motor
neuron partners even in the absence of molecular distinctions among motor pools and
following disruption of motor neuron cellular organization? To answer these questions
first I devised an anatomical assay to visualize synaptic terminals of a select set of muscle
sensory afferents on a select set of motor pools.

4.2. Results:
Anatomical assessment of monosynaptic sensory-motor specificity
It is thought that during development, group Ia sensory afferents might follow
motor neuron axons while innervating the limb. If interactions between sensory and
motor axons in the limb depend on molecules present in the motor axons that are
expressed in a motor pool-specific manner then sensory innervation of muscles might be
disrupted in conditional FoxP1 mutants. Therefore, before examining the specificity of
sensory-motor connections in FoxP1MNΔ mice, I validated the presence of group Ia
sensory inputs onto motor neurons by checking the existence of muscle spindles.
Analysis of muscle spindles in the forelimb latissimus dorsi (LD) and the hindlimb GL
muscles at p0. These muscles were chosen because their flat and thin structure enables
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immunolabeling of the spindles was performed in the whole muscle without the need for
sectioning it and thus provides information about the number of spindles that cover the
overall surface of the muscle. Neurofilament and vGluT1 stainings indicated that muscle
spindles exist in normal numbers and appear structurally normal (Figure 4.1).

Next I assessed the density of group Ia sensory synaptic inputs onto two
representative motor pools, GS and TA, which I labeled by muscle CTB injections. For
reliable muscle injections, these muscles were injected at p14, at an age when they are
easily identified and accessed. Tissue was processed for immunostaining 4 days after the
injections. I defined vGluT1+ sensory contacts with motor neurons as synaptic elements
on the basis of bouton size, combined with the oriented pre-synaptic expression of
bassoon and their alignment with post-synaptic shank-1a plaques (Figure 4.2; Betley et
al., 2009). The density of vGluT1+ sensory synaptic contacts on the cell body and
proximal ~75 μm of dendritic arbor of CTB-labeled ‗TA‘ and ‗GS‘ motor neurons, was
similar in p18 FoxP1MNΔ and wild type mice (Figure 4.2) and in agreement with previous
values (Betley et al., 2009; Friese et al., 2009). Thus, neither the loss of subtype identity
nor the mis-positioning of motor neurons alter the density of group Ia sensory synaptic
inputs.

Patterns of monosynaptic connectivity can be assessed anatomically
The existence of group Ia projections onto motor neuron cell bodies permitted me
to explore the specificity of monosynaptic sensory inputs onto motor neurons supplying
different limb muscles in motor neuron FoxP1 mutants. To assess the pattern of mono-

162
synaptic connectivity I devised an anatomical assay that exploits a distinction in
transganglionic transport of two retrograde motor neuron tracers: tetramethylrhodamine
coupled dextran (Rh-Dex) and CTB. Rh-Dex injected into individual hindlimb muscles is
taken up by sensory axon terminals but is not transported transganglionically, whereas
CTB is transported into the central branch of the sensory axon, and accumulates in
vGluT1+ sensory bouton contacts with CTB-labeled motor neurons (Figure 4.3 B,C).
Upon injecting the dyes into the muscles at p16 (Figure 4.3A), I allowed animals 4-5
days of post-survival time in order to ensure efficient dye transport. After Rh-Dex and
CTB injection into different muscles, comparison of the density of CTB-labeled vGluT1+
sensory bouton contacts with CTB or Rh-Dex labeled motor neurons provides an
indication of the incidence of on-target ‗self‘, and off-target ‗non-self‘, sensory-motor
connections. Self projections are identified on CTB labeled cell bodies as CTB filled
synapses. Non-self projections should appear as CTB labeled boutons on cell bodies of
Rh-Dex labeled cell bodies of motor neurons projecting to antagonistic and irrelevant
muscles. In this analysis I excluded a confounding influence of gamma motor neurons,
which in mice as in other mammals lack proprioceptive sensory input (Friese et al.,
2009). Gamma motor neurons, identified by their bipolar morphology, smaller size,
expression of the transcription factor Err3 and lack of VGluT1+ sensory bouton contacts,
were found to be present at similar incidence in FoxP1MNΔ and wild type mice.

Establishing rules of sensory-motor connectivity in relevant reflex arcs
To understand the rules of monosynaptic connectivity in mice I monitored the
specificity of contacts formed by proprioceptive sensory axons supplying an individual
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muscle with ‗self‘ and ‗non-self‘ motor neurons in wild type mice. I first examined the
status of ‗self‘ connections within the GL, TA, IF and GS monosynaptic reflex arcs and
and analyzed the homonymous connectivity of the GS, TA, GL and IF muscles sensory
afferents onto motor pools supplying these muscles (Figure 4.4). Homonymous
connectivity of the GS (Mao et al., 1984); TA (Ashby and Zilm, 1982) and IF (Marque et
al., 2001) muscles have been studied before and were shown to be of monosynaptic
origin. After CTB injection into GL, TA, or GS muscles I found that 85-100% of motor
neurons within an individual pool received synaptic inputs from sensory afferents
supplying the same muscle (Figure 4.5E). Moreover, ~30-50% of all vGluT1+ sensory
boutons that contacted ‗self‘ motor neurons were CTB co-labeled (Figure 4.5 D). The
lack of complete CTB co-labeling of sensory bouton contacts with ‗self‘ motor neurons
reflects the fact that ~30% of all monosynaptic sensory inputs to motor neurons derive
from sensory afferents supplying synergistic muscles (Brown, 1981), and probably the
difficulty of labeling all muscle spindle sensory endings. Also, a small percentage of
vGluT1+ boutons originate from the brain (Betley et al., 2009; Bareyre et al., 2005) and
group II afferents. Thus after muscle injection, the transganglionic transport of CTB
labels a portion of group Ia sensory synapses on post-natal mouse motor neurons.

I extended this assay to examine the specificity of group Ia sensory connections to
motor neurons occupying different columelar tiers. For this I chose the GL muscle which
acts on the hip joint and the TA muscle, which acts on the ankle joint. Because these two
muscles act on different joints they are functionally irrelevant to each other. After pairing
GL CTB with TA or IF Rh-Dex muscle injections, I found that none of the Rh-Dex
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labeled TA or IF motor neurons were contacted by CTB-colabeled vGluT1+ GL sensory
boutons (Figure 4.6). Conversely, pairing TA CTB and GL Rh-Dex muscle injections
revealed that none of the Rh-Dex labeled GL motor neurons were contacted by CTBcolabeled vGluT1+ TA sensory boutons (Figure 4.6). These findings provide evidence
that sensory afferents supplying an individual muscle do not form monosynaptic
connections with motor pools that occupy different columelar tiers.

I also analyzed the selectivity with which sensory afferents supplying one muscle
form connections with motor neurons that exert antagonistic functions at the same joint.
For this I focused on the ankle extensor GS and ankle flexor TA muscles. After TA
muscle CTB and GS muscle Rh-Dex injection, we found that none of the Rh-Dex labeled
GS motor neurons were contacted by CTB-colabeled vGluT1+ TA sensory boutons
(Figure 4.6). Similarly, pairing GS muscle CTB and TA muscle Rh-Dex injection
revealed that none of the Rd-Dex labeled TA motor neurons were contacted by CTBcolabeled vGluT1+ GS (or by potential contaminant BF and ST, see Figure 3.4) sensory
boutons (Figure 4.6). Thus, sensory afferents that innervate ‗self‘ motor neurons fail to
form connections with ‗non-self‘ antagonist motor neurons that occupy a distinct columel
within the same dorsoventral tier.

Together, these anatomical findings document a high degree of specificity in the
formation of group Ia sensory connections with ‗self‘ motor neuron targets and the
rigorous avoidance of motor neurons located in other columelar tiers, or in different
columels within a tier. This anatomical selectivity of connections in mouse is in close

165
agreement with physiological and anatomical studies of patterns of monosynaptic
connectivity in corresponding sensory-motor reflex arcs in cats and primates (Hongo et
al., 1984).

Patterns of monosynaptic connectivity is disrupted in FoxP1MNΔ mice
The fidelity of the anatomical connectivity assay as tested in wild type mice
enabled examination of whether and how the pattern of sensory-motor connectivity
changes under conditions in which the Hox/FoxP1 mediated motor neuron identities are
eroded. I first focused on the GL and TA reflex arcs through which sensory inputs are
provided on motor neurons in different columelar tiers. After GL muscle CTB injection
in FoxP1MNΔ mice I found that 16% of all vGluT1+ sensory bouton contacts on ‗GL‘
motor neurons accumulated CTB, a ~2-fold reduction compared to wild type values
(Figure 4.7). Similarly, after TA muscle CTB injection in FoxP1MNΔ mice 33% of all
vGluT1+ TA sensory boutons on homonymous ‗TA‘ motor neurons accumulated CTB,
again a ~1.5-fold reduction compared to values in wild type mice (Figure 4.7). These
findings indicate an overall reduction in the incidence of homonymous sensory-motor
connections in motor neuron FoxP1 mutants.

I next examined whether the stringent specificity of connections in GL and TA
sensory-motor reflex arcs breaks down in motor neuron FoxP1 mutants. In FoxP1MNΔ
mice with GL muscle CTB and TA muscle Rh-Dex injections I found that 19% of all
vGluT1+ sensory bouton contacts with ‗TA‘ motor neurons accumulated CTB, revealing
a ‗non-self‘ GL to ‗TA‘ connectivity pattern (Figure 4.7). Conversely, in FoxP1MNΔ mice

166
with TA muscle CTB and GL muscle Rh-Dex injections I found that 30% of all vGluT1+
sensory bouton contacts with ‗GL‘ motor neurons accumulated CTB, an illicit ‗non-self‘
pattern of TA inputs (Figure 4.7). Thus the exclusivity of sensory-motor connections
observed normally in the TA and GL reflex arcs is eroded in FoxP1MNΔ mice, such that
sensory afferents innervate homonymous and ectopic motor neuron targets at almost
equal incidence.

How does the loss of motor neuron FoxP1 affect the specificity of sensory
connections to neurons in antagonistic motor pools? To test this, I focused on the GS and
TA reflex arcs that have antagonistic functions. After GS muscle CTB and TA muscle
Rh-Dex injections in FoxP1MNΔ mice I observed that 15% of vGluT1+ sensory boutons on
‗TA‘ motor neurons accumulated CTB (Figure 4.8), a novel ‗non-self‘ connectivity
pattern. With the assumption that the majority of CTB-labeled sensory boutons derive
from afferents supplying the GS muscle, these findings provide evidence that the
avoidance of opponent TA flexor motor neurons by GS sensory afferents is drastically
eroded in FoxP1MNΔ mice.
These results document that the specific absence of connections observed in
sensory and motor neurons in antagonistic reflex arcs and functionally irrelevant reflex
arcs is disrupted in the absence of motor neuron identities and organization.
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Figure 4.1
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Figure 4.1 Sensory afferents innervate muscles in the FoxP1MNΔmice
A. Muscle spindles form and receive sensory afferent innervation. Neurofilament stains
nerves, vGlut1 stains muscle spindles at P0.
B. Quantification of the number of muscle spindles does not show a significant change
between wild type mice and FoxP1MNΔ mice (control: n=2, GL:16.5 s.e.m.: 0.25, LD:14.2
s.e.m.: 0.7; mutant n=2, GL:16.5 s.e.m.: 0.25, LD:11.5; s.e.m: 0.25)
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Figure 4.2. Visualizing group Ia sensory neurons on motor neuron cell bodies
vGluT1+ group Ia sensory boutons on ChAT+ lumbar motor neurons in p18 control mice.
Bassoon expression marks the presynaptic release face of sensory terminals. Shank1a is
expressed by motor neuron membrane domains in alignment with sensory boutons. Plot
shows vGluT1+ sensory bouton density on identified TA and GS motor neurons in p18
FoxP1fl control and FoxP1MNΔ mutant mice (control: TA avr: 4.25, s.e.m.: 0.1, number
of cells: 4; mutnat: TA avr: 3.6, s.e.m.: 0.3, number of cells: 4); (control: GS avr: 3.74,
s.e.m.: 0.8, number of cells: 4; mutant: GS avr: 4.8, s.e.m.: 0.6, number of cells: 4)
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Figure 4.3
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Figure 4.3. Specific populations of motor neurons and sensory neuron terminals can
be labeled through dye injections into muscles

A. Image of an injected hindlimb TA muscle. Specific tracer dye injections into the TA
muscle. Injection specificity was determined by examining injected and non-injected
muscles under the fluorescent microscope.
B. Tracer injection of rhodamine-dextran (Rh-Dex, blue) into individual hindlimb
muscles of p18 wild type mice labels motor neurons but not sensory terminals. Images
show absence of Rh-Dex tracer accumulation in vGluT1+ (red) sensory terminals that
contact motor neurons
C. Tracer CTB injection into individual hind limb muscles of p18 wild type mice labels
both motor neurons and many sensory terminal boutons. Images show CTB tracer
accumulation in vGluT1+ sensory terminals that contact motor neuron cell bodies and
dendrites.
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Figure 4.4

174
Figure 4.4. Anatomical arrangements of columels and muscles.
A. The position of muscle synergy groups in the cat hindlimb. dark blue/ proximal hip
(PH), gray/ iliopsoas (IP), light green/adductors (A), pink/quadriceps (Q), orange/
hamstring (H), red/anterior crural (AC), dark green/posterior crural (PC), purple/ foot (F).
B. The arrangement of individual muscles in the 4 segments (hip, thigh, shank, foot) of
the limb. The limb is divided into dorsal and ventral muscle groups. The muscles that are
used in this study (GS, TA, GL, IF) are labeled in color. Muscle and motor neuron key: I:
iliopsoas, PS: psoas, GL: gluteus, A: adductors, GA: gracilis anterior, GP: Gracilis
posterior VM: vastus medius, VL: vastus lateralis, VI: vastus intermedius, BF: biceps
femoris SM: semimembranosus, ST: semitendinosus, GM: gastrocnemius medialis, S:
soleus, PL: plantaris, GL gastrocnemius lateralis, EDL: extensor digitorum longus, PER:
peroneus longus, TA: tibialis anterior IF: Interior foot. Proximodistal muscle position
from Burkholder and Nichols, 2004.
C. Columelar organization along the dorsoventral axis of the lumbar lateral motor
column. Rostrocaudal segemental position (shown in A) has been conflated to generate a
single 2-dimensional image. Columels have been assigned to one of four dorsoventral
tiers that correspond to innervation of muscles that, by and large, control individual
joints: tier 1 = foot; tier 2 = ankle; tier 3 = knee; tier 4 = hip. Columels in tiers 2 and 3
occupy medial (PC) or lateral (AC), or both (A) divisions of the lateral motor column.
The approximate position of relevant motor pools (IF intrinsic foot; GS gastrocnemius;
TA tibialis anterior; GL gluteus; BF biceps femoris; ST semitendinosus) within parental
columelar groups is shown. Color code as in A.
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Figure 4.5
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Figure 4.5. Homonymous/self connectivity patterns of group Ia sensory connections
in wild type mice
A. Design of CTB tracer injection into an individual muscle, labeling sensory bouton
contacts with ‗self‘ motor neurons in p21 wild type mice.
B. CTB tracer injection into TA muscle labels vGluT1+ sensory boutons on CTB-labeled
TA motor neurons.
C. CTB tracer injection into GL muscle labels many vGluT1+ sensory boutons on CTBlabeled GL motor neurons.
D. Incidence of sensory connectivity with ‗self‘ motor neurons. GS* designation
acknowledges contamination of GS with BF and ST semsory afferents. (TA: 45.69%,
s.e.m.: 7.1%, n=3 mice; GL: 33.52%, s.e.m.: 2.94, n= 3mice; IF: 52.9%, s.e.m.: 8.8, n=3
mice; GS: 42%, s.e.m.: 3.9, n=3 mice)
E. Number of cells that received CTB input upon muscle CTB injections. 11 of the 13 TA
motor neurons received CTB+ inputs upon injection of CTB into TA muscle. 38 of the 42
GL motor neurons received CTB+ inputs upon injection of CTB into GL muscle. 9 of the
9 GS motor neurons received CTB+ inputs upon injection of CTB into GS muscle.
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Figure 4.6
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Figure 4.6. Motor pool specificity of group Ia sensory connections in wild type mice
A. Design of CTB tracer injection into one muscle and Rh-Dex injection into a second
muscle. vGluT1+ sensory boutons contact CTB-labled ‗self‘ but not Rh-Dex-labeled
‗non-self‘ motor neurons.
B. CTB tracer injection into TA muscle fails to label vGluT1+ sensory boutons on RhDex labeled GL motor neurons.
C.CTB tracer injection into GL muscle fails to label vGluT1+ sensory boutons on Rh-Dex
labeled TA motor neurons.
D. Incidence of sensory connections with ‗non-self‘ motor neurons. In all sensory
afferent-motor neuron pairs analyzed, no connections were detected on Rh-Dex labeled
non-self motor neurons (number of animals >= 3 in each case.)
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Figure 4.7. Breakdown of dorsoventral sensory-motor specificity in FoxP1 mutants

A. TA muscle CTB and GL muscle Rh-Dex injections in FoxP1MNΔ mutants. CTBlabeled, vGluT1+ TA sensory boutons contact Rh-Dex labeled ‗GL‘ motor neurons were
observed. Plots quantify TA sensory connections with TA and GL motor neurons.
(control data same as in figure 4.6., mutant: TA to TA: 33.2%, s.e.m.: 4.6, n= 5 mice, TA
to GL: 29.5%, s.e.m.: 6.2, n=3 mice)
B. GL muscle CTB and TA muscle Rh-Dex injections in FoxP1MNΔ mutants CTBlabeled, vGluT1+ GL sensory boutons contact Rh-Dex labeled ‗TA‘ motor neurons were
observed. Plots quantifying GL sensory connections with TA and GL motor neurons.
(control data same as in figure 4.6., mutant: GL to GL:16.39%, s.e.m.: 2.43, n=3mice, GL
to TA: 19.17%, s.e.m.: 3.67, n=3mice)
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Figure 4.8. Dorsoventral constraints on the breakdown of specificity in antagonist
reflex arcs in FoxP1 mutants
A. After GS muscle CTB and TA muscle Rh-Dex injections, CTB-labeled vGluT1+ GS*
sensory boutons contact Rh-Dex labeled ‗TA‘ motor neurons in p21 FoxP1MNΔ mice.
Plots show connectivity of GS* sensory boutons with ‗TA‘ and ‗GS‘ motor neurons
(control numbers are same as in Figure 4.6. mutant: GS to GS: 17.29%, s.e.m.: 3.7, n=
4mice; GS to TA: 14.84%, s.e.m.: 2.3, n=5 mice).
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4.3. Discussion
In this chapter, I investigated the contribution of Hox/FoxP1 induced motor
neuron identities to the formation of specific monosynaptic connections between group Ia
sensory afferents and a select set of motor pools. In order to do this I first developed an
anatomical assay to visualize pool specific group Ia sensory neuron terminals on motor
neurons and validated the reliability of this method by making sure that I can detect
specific connectivity patterns consistent with previous electrical recordings. Furthermore,
I used this assay to examine the connectivity patterns in FoxP1MNΔ mice and showed that
sensory afferents can no longer recognize their correct motor neuron targets and start
forming aberrant connections onto functionally irrelevant and antagonistic motor
neurons.

One of the essential requirements for the specificity assay is the reliable
identification of group Ia proprioceptive afferent terminals. In this assay this is achieved
by marking these terminals with antibodies designed against vGluT1 which is the
neurotrasmitter used by these afferents. In relation to the characteristics of vGluT1
expression, two issues are important to discuss. First, although the majority of vGluT1
positive synapses are derived from group Ia proprioceptive afferents, some vGluT1
immunoreactive boutons in the spinal cord are derived from descending axons of
pyramidal cells in the neocortex which show high levels of vGluT1 mRNA (Fremeau et
al., 2001). Thus, vGluT1 immunoreactivity detects Ia proprioceptive as well as
corticospinal glutamatergic inputs onto motor neurons. The numbers of these
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corticospinal glutamatergic synapses were shown to make up only a small fraction (~3%)
of the total vGluT1 input onto motor neurons (Betley et al., 2009). Additionally, group II
afferents were also shown to form monosynaptic connections onto motor neurons
(Kirkwood and Sears, 1975) which use vGluT1 as neurotransmitter. However these
connections were reported to be weak and the major effects from secondary spindle
afferents on motor neurons are exerted via disynaptic interneuronal pathways (Lundberg
et al., 1977). Presumably they represent a small percentage of the labeled afferent
terminals. Nevertheless the potential confounding effects of these inputs has to be taken
into consideration any time this specificity assay is used.

The second issue that is relevant to vGluT1 immunoreactivity is that it is
technically very difficult to identify vGluT1 accumulations as presynaptic terminals in
neonatal animals due to their smaller size and irregular shapes. This, together with the
time required for efficient transport of retrograde dyes after muscle injections compelled
me to test synaptic specificity three weeks after birth. However, the first connections
between sensory afferents and motor neurons are made much earlier, at late embryonic
stages. During the assembly of monosynaptic sensory-motor reflex circuits, the central
axons of group Ia sensory neurons begin to form synaptic connections with motor
neurons some time after peripheral sensory axons have reached their limb muscle targets
(Kudo and Yamada 1987; Mears and Frank, 1997). Thus the synaptic specificity assay is
limited in that it is not testing connectivity when the synapses first form and may not
reflect the patterns of connectivity observed during early development.
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It is currently an unresolved issue whether monosynaptic connectivity patterns are
established with specificity right when they are formed or whether an initial broader
connectivity map is pruned over time to achieve refined connectivity. This is important to
resolve to understand whether the synaptic specificity assay presented here reflects the
patterns of connectivity when the connections are first formed. Several lines of evidence
in frogs, chick and mice suggest that the monosynaptic connections form in a precise
adult-like pattern from the onset (Frank and Westerfield, 1982; Lee and O'Donovan,
1991; Mears and Frank, 1997). In addition, early electrophysiological experiments in
fetal and neonatal cat showed that the pattern of monosynaptic connections was for the
most part set from the outset suggesting that rearrangements were minimal (Eccles et al.,
1963). On the contrary some studies in rats (Seebach and Ziskind-Conhaim, 1994) and
humans (Myklebust and Gottlieb, 1993) have demonstrated significant differences
between neonatal and adult patterns of connectivity.

It is worth mentioning some of the technical details of the experimental methods
used in the above-mentioned studies to better understand why it has been difficult to
resolve the problem. The study by Mears and Frank in chick embryos and newborns,
which argues for specificity from the onset, fails to look at the very early stages during
development when sensory motor connections are first formed. However they argue that
synapse formation is a continuous process that starts from e16.5 and continues on to the
first days of postnatal life. Thus the stages they studied, e17-p6, are relevant ages to
synapse formation. The reliability of the study by Seebach and Ziskind-Conhaim depends
on the accuracy of identifying only the short latency responses as monosynaptic. The
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contamination from polysynaptic pathways in these two studies in rats (Seebach and
Ziskind-Conhaim., 1994) and humans (Myklebust and Gottlieb., 1993) are criticized in
the study by Mears and Frank (1997). In conclusion there is still controversy in the field.
However results presented in chapter 6 by implication support the findings by Mears and
Frank. Thus, even though this specificity assay monitors postnatal connectivity, it is
presumably largely reflective of the specificity observed in developmental stages when
the sensory-motor connections are first formed.

Another constraint in this assay is that analysis of synapses is restricted only to the
cell body and proximal dendrites of motor neurons. This is due to the punctate staining of
CTB (and to a lesser extent of dextran) and difficulty of identifying the borders of the
membranes of distal dendrites unambiguously. This would mean that this assay would
not be able to detect a heterogeneity in the distribution of self and nonself synapses to
proximal and distal dendrites. During development, sensory-motor synapses have been
shown to redistribute themselves from somatic to dendritic locations (Gibson and
Clowry, 1999; Ronnevi and Conradi, 1974), and thus the spatial distribution of sensory
synapses in maturity belies the situation at earlier stages. More tellingly, analysis of the
first encounters of group Ia sensory afferents and motor neurons in the embryonic rodent
spinal cord indicates that sensory axons ignore motor neuron dendrites that intersect their
ventrally-oriented path (Snider et al., 1992). In light of these observations, it is plausible
to think that the ‗self‘ and ‗non-self‘ synapses would be distributed homogenously to
proximal and distal regions of a dendrite. Thus the nature of the synaptic connectivity
that is observed in the cell body and proximal dendrites can be accepted as reflective of
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the connectivity on the whole cell.

With the sensory-motor connectivity assay introduced in this chapter, examination
of the connectivity from any given set of group Ia primary afferents to any motor pool is
possible as long as muscles can be identified and injected with tracer dyes without
causing contamination to other muscles. First I tested the connectivity patterns in wild
type animals to establish the connectivity patterns between group Ia sensory afferents and
motor pools that are used in this study. These experiments showed that homonymous
monosynaptic connectivity can be detected in all 4 reflex arcs analyzed with a 30-50%
incidence. The reasons for a less than 100% incidence is probably due to the fact that
~30% of the monosynaptic input onto a motor pool is provided by its synergists. In
addition, the descending pathways and group II input have a small contribution to the
vGluT1+ inputs onto motor neurons (Betley et al., 2009; Brown, 1981) and thus might
influence quantifications. Moreover, it is possible that upon intramuscular muscle
injections, CTB does not diffuse to reach all the muscle spindles and therefore only a
fragment of proprioceptive group Ia afferents is labeled.

In addition to the homonymous connectivity patterns, I also analyzed group Ia
inputs onto antagonistic motor pools and motor pools that function across joints. These
connectivity patterns reveal that primary afferents of the TA and GS pools strictly avoid
contacting with antagonist GS and TA motor pools respectively. Moreover no inputs
were detected from TA and GL afferents onto GL and TA motor pools, showing that at
least in the cases of these two reflex arcs, there is no cross connectivity. Functionally this
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would suggest that group Ia excitation is not a way of coordinating GL mediated hip and
TA mediated knee and ankle movements in mice.

The strict avoidance of ‗TA‘ motor neurons by GL afferents and ―GL‖ motor
neurons by TA afferents is disrupted in the FoxP1MNΔ mutants. A significant proportion
of the VGluT1+ terminals examined on the ‗GL‘ motor neurons (30%) and ‗TA‘ motor
neurons (19%) received ‗TA‘ and ‗GL‘ sensory input respectively. Moreover, ‗TA‘
motor neurons started receiving inputs from GS sensory afferents. In addition to this
illicit connectivity pattern, there is a 1.5 to 2-fold decrease in the incidence of
homonymous connectivity in the TA and GL reflex arcs compared to wild type numbers.
Importantly, the decrease in the percentage of CTB terminals is not associated with a
decrease in the overall number of vGluT1+ synapses. Another important point to take
into consideration is the scrambled position of motor neuron pools. In light of these
observations, two possibilities emerge to explain the observed decrease in the percentage
of the emergence of off-target connectivity and reduced incidence of homonymous
connectivity. These possibilities are discussed below.

(1) In wild type mice, upon arrival in the ventral spinal cord, group Ia primary
afferents might terminate dispersedly to have access to all motor neurons independent of
their muscle of origin. Among the motor neurons available as postsynaptic targets,
sensory afferents would choose their appropriate targets through molecular recognition
and ignore the irrelevant and antagonistic motor pools. If this were the case, in FoxP1MNΔ
mutants due to loss of motor neuron identities, primary afferents would no longer identify
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their correct targets and form a rather dispersed network of connections with all motor
neurons they encounter. Since in that case the number of incoming afferents is the same
but the number of available postsynaptic targets is much higher compared to wild types, a
decrease in the incidence of homonymous connectivity would be expected.

(2) A second possibility is that in wild type mice, muscle-specific sets of group Ia
proprioceptive sensory afferents possess discrete identities that that guide axons to the
coordinate position occupied by their target motor neuron pool. If group Ia proprioceptive
sensory afferents maintain these identities in the face of loss of motor neuron identities in
the FoxP1MNΔ mice, they would still make targeted connections to a specific coordinate
position in the ventral spinal cord. However, upon arrival to this point they would choose
any motor neuron at this position as their postsynaptic target. Because of the randomized
position of the motor neurons projecting to a given muscle, some motor neurons would
be out of reach for this focally positioned primary afferent terminals and would not have
a chance of receiving input from them.

These two possibilities are investigated in the following chapter.
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CHAPTER 5: Monosynaptic sensory-motor connections are constrained by
dorsoventral positional coordinates

Summary:
The hierarchical organization of motor neurons into motor columns, pools and
columels mirrors the organization of muscles in the limb. The specific connectivity
patterns seen in the monosynaptic reflex arc requires that the synaptic terminals of group
Ia sensory afferents are also arranged in compliance with the arrangement of columelar
units. I set out to determine if the motor neuron identities and the intricate organization of
motor neurons have any role in the developmental logic that specifies the pattern of
monosynaptic sensory-motor connectivity. To do this, I took advantage of the defects in
motor neuron identity and cell body organization in the conditional FoxP1 mutant mice.

In the previous chapter the disruption of sensory-motor connectivity patterns in
the motor neuron FoxP1 mutants was documented. In this chapter I investigate whether
there is a relationship between the positions of motor neurons and the occurrences of
these documented target connectivity mistakes. My analysis has uncovered a structural
framework – a columelar targeting rule – that can account for the changes in
monosynaptic sensory-motor connection specificity observed in FoxP1 mutants.

Chapter 5.1. Introduction

Synaptic specificity is achieved through several steps. The axons of presynaptic
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neuronal populations first recognize the general target area in which the postsynaptic
cells reside. For instance, the axons of the retinal ganglion cells leave the retina and
project to the optic tectum. In the case of group Ia sensory afferents, the general target
area is the ventral spinal cord where motor neurons reside. Sensory axons leaving the
dorsal root ganglia enter the dorsal spinal cord through the dorsal root entry zone, then
project ventrally to reach lamina IX.

In most regions of the brain, the spatial organization of the pre and postsynaptic
neuronal populations is important for the establishment of synaptic specificity. Within a
general target region, axons target particular zones or layers. This organization restricts
axons to regions where they have to choose their postsynaptic targets among a smaller
number of potential targets. In theory, if only the matching axons and cell bodies of their
matching post-synaptic targets are brought to close enough vicinity for synapse
formation, no other mechanism would be required for target specificity.

Many portions of the brain and spinal cord are divided into multiple laminae,
parallel to the pial and ventricular surfaces. Afferents of specific types confine their
arbors and synapses to just one or a few of the laminae. Some of the most prominent
examples of orderly axonal projections to specific laminae are seen in the visual system.
Axons of retinal ganglion cells target only 4 of the 16 layers of the optic tectum to meet
their retinorecipient postsynaptic targets (LaVail and Cowan, 1971; Yamagata and Sanes,
1995a). Laminar specific positioning of post-synaptic targets combined with laminaspecific projections of presynaptic axons greatly reduces the number of potential targets
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and in theory might be all that is required to restrict an input to particular neuron types.

Termination points of dorsal root ganglion sensory afferent fibers in the spinal cord
Lamina-specific targeting is implemented by both cutaneous and proprioceptor
sensory afferent types entering the spinal cord. Matching sensory inputs with their target
cells in the spinal cord is partly a result of orderly projections of sensory neurons
representing different modalities to specific lamina in the spinal gray matter (Sprague and
Ha, 1964; Scheibel and Scheibel, 1969; Rethelyi and Szentagothai, 1973). Anatomical
evidence obtained through Golgi staining and nerve terminal degeneration patterns shows
that group Ia collaterals have two major termination sites: in the intermediate (lamina
V/VI) and a more ventral (lamina VII-IX) region of the spinal cord. In contrast, group Ib
afferents from Golgi tendon organs terminate only in the intermediate region (lamina
V/VI). Group Ib collateral fibers extend through the dorsal horn, where they branch and
arborize extensively in lamina V/VI. Group II afferents innervating muscle spindle
secondary endings have terminals in the intermediate (lamina III-VII) and ventral zone
(lamina IX) (Brown and Fyffe 1978; Ishizuka et al., 1979; Fyffe and Light, 1984; Hongo
et al., 1987). Most group II collaterals branch extensively in the intermediate zone and
send only sparse projections in the ventral horn (Fyffe, 1979; Edgley and Jankowska,
1987; Hoheisel et al., 1989). In summary, the axon collaterals of group Ia afferents
project to both intermediate and ventral regions, whereas the collaterals of group Ib
afferents project only to the intermediate region of the spinal cord. The branching and
termination pattern of the axon collaterals of group II afferents appear to exhibit
characteristics of both group Ia and Ib afferent collaterals.
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Cutaneous sensory afferent fiber terminations are also organized in a laminar
fashion and are mostly restricted to the dorsal region of the spinal cord. The central
terminals of unmyelinated cutaneous afferents, various C class fibers that respond to
noxious stimuli, are largely restricted to laminae I and II of the superficial dorsal horn
(Rethelyi, 1977; Light and Perl, 1979, (Rethelyi and Capowski, 1977). On the other hand,
myelinated afferents of both large and small diameter that innervate low-threshold
mechanoreceptors terminate more ventrally, within lamina III-V (Light and Perl, 1979).

Group Ia sensory afferent termination positions in adult cats and mice have a
dorsoventral and a mediolateral order in the ventral spinal cord in accordance with the
positions of their target columels.
Ventral projections of group Ia sensory afferents follow an additional set of
projection rules to target specific dorsoventral regions to meet with their anatomically
correct motor neuron partners in lamina IX. These projection rules arise from certain
spatial features of motor neuron organization that are intertwined with the matrix of
proprioceptive sensory input specificity. The motor neurons that innervate an individual
limb muscle are clustered into pools which occupy conserved and stereotypic locations
within the ventral spinal cord (Romanes, 1964; Vanderhorst and Holstege, 1997;
McHanwell and Biscoe, 1981). Motor neuron pools that control muscles with related
biomechanical functions are themselves grouped into longitudinally arrayed columels
(Romanes 1941, 1951; Vanderhorst and Holstege, 1997; McHanwell and Watson, 2009).
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The position of motor columels is linked topographically to the location of their
muscle targets along the three primary axes of hindlimb organization (Figure 5.1A).
According to this, the dorsoventral position of a motor columel displays a linear
correlation with the distal-to-proximal position of its target muscle synergy group
(Vanderhorst and Holstege, 1997; Burkholder and Nichols, 2004). The ventral spinal cord
is partitioned into four dorsoventral ‗tiers‘ containing motor pools projecting to the foot
(tier 1), shank (tier 2), thigh (tier 3) and hip (tier 4) muscles. Furthermore, columels
containing pools that innervate muscles originating from the dorsal muscle mass are
positioned in the medial division, whereas the ones containing pools that innervate
muscles originating from the ventral muscle mass are positioned in the lateral division.
The group Ia sensory afferents that supply an individual muscle converge on the
coordinate position of the motor neurons innervating the same and synergistic muscles.
Since the axons of group Ia sensory neurons innervate both muscle and motor neuron,
this topographic relationship uncovers an implicit matching in the positional coordinates
of the peripheral and central endings of sensory axons.

In summary, even though the motor neurons are not organized in a classical
laminar fashion, there is a hierarchical organization of motor neurons into pools, columns
and columels and the tier-specific positioning of columels shows parallels with the
positioning of their muscle targets in the limb. It remains unknown why the motor
neurons that innervate an individual muscle take the trouble to cluster themselves into
precisely positioned pools and why motor pools are clustered into columels. When motor
pool clustering and positioning is disrupted by inactivation of cadherin/catenin signaling,
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the predictive link between motor pool character and muscle innervation is not eroded
(Demireva et al, 2011), and thus the clustering of motor neurons into pools, whatever its
purpose, is not a prerequisite for precise nerve-muscle mapping. Neuronal clustering
might favor the formation of gap junctions between functionally-related motor neurons
and so enhance coherence in firing, in a way that influences the stability of
neuromuscular connections.

But this idea does not account for the stereotypic

positioning of motor pools.

What mechanisms control the orderly projections of group Ia sensory afferents?
It remains unclear how the intraspinal coordination of sensory axon projections,
motor neuron pool position, and target muscle innervation are coordinated during
development. Two general possibilities exist to explain how sensory afferents match with
their correct motor neuron targets. In one view, all group Ia proprioceptive afferents
might project dispersedly to the ventral spinal cord, independent of their muscle of origin.
In this case, the eventual focal restriction of the sensory convergence point to a given
pool position would require the ability of sensory axons to recognize their cognate set of
motor pools within a dense meshwork of dendrites and cell bodies (Figure 5.1B). A
second view holds that muscle-specific sets of group Ia proprioceptive sensory afferents
project to the coordinate position occupied by their target motor neuron pool. This would
reduce the difficulty of matching sensory afferents with their anatomically correct muscle
targets by diminishing the number of motor pools that are presented to a given sensory
afferent as potential post-synaptic targets. Bringing sensory afferents to correct targeting
domains might depend on target-derived signals provided by motor neurons.
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Alternatively, target independent mechanisms autonomous to sensory afferents might
ensure that sensory afferent terminals are restricted to their designated tier domains
(Figure 5.1C).

There is no evidence for a role of motor neurons for directing sensory neuron
afferents to specific tier domains in the spinal cord, however, the importance of synaptic
targets in the local targeting of sensory axons has been examined in various other parts of
the brain. In the olfactory epithelium, olfactory sensory neurons expressing a given
receptor are randomly dispersed (Vassar et al., 1993). Olfactory sensory neurons
expressing a specific receptor converge their axons upon two glomeruli placed at
invariant positions within each mouse olfactory bulb (Ressler et al., 1994; Wang et al.,
1998). The bulb therefore provides a spatial map that identifies which neurons have been
activated within the sensory epithelium. When synaptic targets of olfactory sensory
neurons are ablated genetically in the bulb, olfactory sensory maps can still develop
(Bulfone et al., 1998). Although there is suggestive evidence of orderly axonal targeting
in the absence of a/the target population, this issue has not been adequately investigated.
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Figure 5.1
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Figure 5.1. Strategies of assembling orderly sensory afferent projection
A. The arrangement of individual muscles in the 4 segments (hip, thigh, shank, foot) of
the limb. The limb is divided into dorsal and ventral muscle groups. The muscles that
are used in this study (GS, TA, GL, IF) are labeled in color. Proximodistal muscle
position from Burkholder and Nichols, 2004.
Columelar organization along the dorsoventral axis of the lumbar lateral motor column.
Rostrocaudal segemental position (shown in A) has been conflated to generate a single
2-dimensional image. Columels have been assigned to one of four dorsoventral tiers
that correspond to innervation of muscles that, by and large, control individual joints:
tier 1 = foot; tier 2 = ankle; tier 3 = knee; tier 4 = hip. Columels in tiers 2 and 3 occupy
medial (PC) or lateral (AC), or both (A) divisions of the lateral motor column. The
approximate position of relevant motor pools (IF intrinsic foot; GS gastrocnemius; TA
tibialis anterior; GL gluteus within parental columelar groups is shown.
B. Sensory afferents might have dispered target destinations covering a broad domain in
the ventral spinal cord. In this case, the final restriction of sensory-motor connections to
relevant motor pools might be mediated by cellular recognition between sensory neurons
and motor neurons
C. Alternatively, the complexities of molecular matching might be reduced by orderly
projections of sensory afferents to focal positions occupied by their motor neuron targets.
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In explaining the rules of neural map formation, evidence for the contribution of
interactions between sensory afferents come from the visual system. Neighboring retinal
ganglion cells project their axons to neighboring positions in the optic tectum, thus reestablishing a continuous neural representation of visual space. When a large portion of
the optic tectum is removed, the entire retinal projection forms a compressed map in the
space available (Fraser and Hunt, 1980; Gaze and Sharma, 1970; Goodhill and Richards,
1999). This and various other surgical manipulations in the retina and tectum suggest that
the retinotectal map formation does not only depend on molecular gradients, but that the
interaction between the axons of retinal ganglion cells contributes to the map formation.

Another example of the importance of interactions among photoreceptor afferents
in neural map formation comes from the Drosophila visual system: due to the shape of
the eye, the 6 photoreceptor axons, leaving the ommatium from the surface of the eye
together, need to redistribute to specific cartridges in the lamina. Genetic ablation and
mosaic studies have shown that this reorganization in the lamina is largely targetindependent but instead requires the interactions between the photoreceptor axons to be
intact (Clandinin and Zipursky, 2000). Furthermore, the photoreceptor axons show
precise laminar targeting patterns in the medulla, which is shown to be controlled at least
partially by the N-cadherin mediated homophilic interactions between the growth cones
of photoreceptors (Nern et al., 2008).
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Could a target-independent sensory neuron intrinsic molecular program direct
group Ia sensory afferents to their correct tier position in the ventral spinal cord? What is
the role of motor neuron identity and organization in establishing sensory motor
connectivity? As yet, there is no molecular mechanism defined to differentiate Ia sensory
afferents projecting to different tier positions. Our very limited understanding of how
group Ia sensory afferent projections are affected by the elimination of motor neurons
comes from one study by Patel et al (Patel et al., 2003). In this study, motor neurons are
eliminated by a genetic strategy prior to the developmental timepoint when
proprioceptive afferents reach the ventral spinal cord. This manipulation does not prevent
proprioceptive afferents from projecting into the ventral spinal cord meaning that sensory
neurons do not require motor neurons to forge their path toward the ventral spinal cord.
However, this study does not go into the details of how the absence of motor neurons
influences the tier targeting of proprioceptive afferents. Such detailed interpretation of
projection patterns in these mice may be very difficult primarily because these animals
die soon after birth. In addition, eliminating the entire motor neuron population might
cause drastic structural distortions in the ventral spinal cord, which might make it very
difficult to interpret the tier- specific projection profiles of group Ia sensory axons.

Investigating the mechanism of sensory afferent tier targeting
To examine the role of motor neuron identity and organization in sensory-motor
map formation, I took advantage of the loss of motor pool identities and related changes
in the cell body positions of motor neurons in the motor neuron FoxP1 mice. The
organization of synaptic contacts between proprioceptive sensory afferents and motor
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neurons in response to the FoxP1-inactivation-induced scrambling of motor neurons
should differ markedly in the target dependent and independent tier targeting scenarios
outlined above. If sensory projections are dispersed at the beginning and get restricted to
tier domains upon molecular recognition, or if there is focal targeting by sensory afferents
mediated by motor neuron-derived cues, then in FoxP1 conditional mutants the
probability that sensory axons originating from an individual muscle will innervate the
identity-deprived motor neurons that project to the same muscle target will be
independent of the dorsoventral position of a motor neuron. If, however, proprioceptive
sensory afferents supplying a given muscle are autonomously programmed to converge
on the intraspinal coordinate position normally occupied by their motor neuron targets,
then in FoxP1 conditional mutants, only those motor neurons that happen, by chance, to
occupy a position coincident with the normal pool position will have a chance of
receiving muscle-specific proprioceptive sensory innervation (Figure 5.2).
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Figure 5.2
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Figure 5.2. Two possible outcomes of loss of motor neuron identity on sensory
afferent projections.
A. If sensory afferents project to broad target areas and restrict their terminations to
smaller focal areas upon cellular recognition, they would fail to do so in the absemce of
molecular identities of motor neurons.
B. If a sensory neuron autonomous program targets sensory afferent terminals to
designated focal domains, this mechanism would not be perturbed by the loss of motor
pool identities in motor neuron FoxP1 mutants.
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Chapter 5.2. Results

Changes in the homonymous connectivity pattern in motor neuron FoxP1 mice indicate
the importance of motor neuron cell body position
To investigate the role of cell body positioning in sensory motor connectivity, I first
analyzed the changes in the number of cells that receive sensory inputs upon muscle
injections in the FoxP1MNΔ mice. After GL muscle CTB injection in FoxP1MNΔ mice, I
found that only 45% of all ‗GL‘ motor neurons received GL sensory input, a ~2-fold
reduction compared to wild type values (Figure 5.3). Similarly, after TA muscle CTB
injection in FoxP1MNΔ mice, 56% of ‗TA‘ motor neurons received TA sensory input, a
1.5-fold reduction compared to wild type values (Figure 5.3). I extended this analysis to
the ectopic projections observed in the GL-TA and GS-TA reflex arcs. Normally, GL
afferents do not form connections onto TA, and TA afferents do not form connections
onto GL motor neurons. In FoxP1MNΔ mice with GL muscle CTB and TA muscle Rh-Dex
injections, I found that 56% of ‗TA‘ motor neurons received GL sensory input in
FoxP1MNΔ mice. With TA muscle CTB and GL muscle Rh-Dex injections, I found that
50% of ‗GL‘ motor neurons now received TA sensory input and after GS muscle CTB
and TA muscle Rh-Dex injections, I observed that 54% of ‗TA‘ motor neurons received
GS sensory input. Thus although the specificity of sensory-motor connectivity is
abolished, there seems to be an order that sets up a preference to some motor neurons.

A sensory afferent tier targeting program functions normally despite the erosion of motor
pool identities
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Next I examined whether the positional identities of motor neurons make them
preferential candidates for receiving sensory afferent input. The distinct columelar
assignment of the GL and TA pools in wild type mice, and the wide dorsoventral
dispersal of these neurons within zones 1 and 2 in FoxP1 mutants, made it possible to
analyze the relationship between motor neuron position and sensory innervation status. In
wild type mice, GL motor neurons are positioned in an extreme ventral position
corresponding to tier 4 while TA motor neurons are positioned in the more dorsally
located tier 2. In FoxP1MNΔ mice, motor neuron cell bodies projecting to both GL and TA
muscles occupy both zone 1 and zone 2; zone 1 being approximately positioned at the
normal D-V position of the TA, and zone 2 covering the ventral most tier 4 and tier 3
domains (Figure 5.4).

To determine the sensory innervation status of ‗TA‘ motor neurons as a function of
their dorsoventral position, CTB was injected into the TA muscle. I found that 96% of
‗TA‘ motor neurons that received CTB-labeled vGluT1+ TA sensory bouton contacts
were confined to a dorsal zone 1 location that coincided with the position normally
occupied by TA motor neurons in wild type mice (Figure 5.5). Similarly, after TA
muscle CTB and GL muscle Rh-Dex injections in FoxP1MNΔ mice, all of the ‗GL‘ motor
neurons that received CTB-labeled vGluT1+ TA sensory bouton contacts were again
confined to the same dorsal zone 1 location (Figure 5.5). For the dorsally-positioned
‗TA‘ and ‗GL‘ motor neurons that received TA sensory innervation, I found that 54%
and 56%, respectively, of all vGluT1+ sensory bouton contacts accumulated CTB, which
is close to the incidence of homonymous innervation in the wild type mice (Figure 5.5D).
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Thus TA sensory afferents in FoxP1MNΔ mice form synaptic contacts selectively with
motor neurons that occupy a dorsoventral position corresponding to that of wild type TA
motor neurons, irrespective of the identity of the muscle target innervated by these motor
neurons.

I extended this analysis by examining the link between the dorsoventral position
of motor neurons and their innervation status by GL sensory afferents. After GL muscle
CTB injection in FoxP1MNΔ mice, I determined the incidence of CTB-labeled vGluT1+
GL sensory terminals on ‗GL‘ motor neurons as a function of their zonal position along
the dorsoventral axis (Figure 5.5 C,D). I found that 96% of ‗GL‘ motor neurons that
received CTB-labeled vGluT1+ GL sensory bouton contacts were confined to a ventral
zone 2 position that coincided with the position occupied by GL motor neurons in wild
type mice (Figure 5.5 C,D). In addition to the homonymous connections, I also examined
the link between motor neuron cell body positions and the nonspecific connections
observed in the FoxP1MNΔ mice. After GL muscle CTB and TA muscle Rh-Dex injections
in FoxP1MNΔ mice, all of the ‗TA‘ motor neurons that received CTB-labeled vGluT1+ GL
sensory bouton contacts were confined to a ventral zone 2 position (Figure 5.5C). For the
ventrally located ‗GL‘ and ‗TA‘ motor neurons that received GL sensory innervation,
30% and 28%, respectively, of all vGluT1+ sensory bouton contacts accumulated CTB,
which is close to the incidence of homonymous innervation in the wild type mice (Figure
5.5D). These findings show that in FoxP1MNΔ mice, GL sensory afferents form synaptic
contacts selectively with motor neurons that occupy a dorsoventral position that coincides
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with that of the GL columelar group in wild type mice, irrespective of muscle innervation
target.

Mapping sensory afferent terminals in the spinal cord
These results prompted me to analyze the overall spatial distribution of CTB
labeled synaptic boutons at a lower magnification without gating the synapses onto motor
neuron cell bodies. First, imaging a region where zone 1 cells are located, an almost
complete absence of GL afferents was observed (Figure 5.6 A). Similarly, the region
where zone 2 cells are located was devoid of TA afferent terminals (Figure 5.6A). This
suggested that the GL and TA sensory afferent terminations are confined to the
dorsoventral regions occupied by their endogenous target motor neurons. To address this
more clearly, the entire spinal cord at high magnification was imaged in parcels which
when put together created the whole image of the spinal cord (Figure 5.6B). I focused
this analysis on the GL sensory afferents terminals. When viewed collectively, the
composite distribution map acquired from 10-12 samples in wild type and FoxP1MNΔ
mice showed that indeed the termination domain of GL afferents in both cases are
restricted to the ventral-most domain-containing tier 4.

Positions of sensory afferent terminals in the GS-TA reflex arc
Lastly, I examined changes in sensory motor connectivity in the GS-TA
antagonistic reflex arc. Motor neuron cell bodies in FoxP1MNΔ mice are all positioned in
zone 1, further ventral than their wild type equivalents. After GS muscle CTB injections I
found that 31% of ‗GS‘ motor neurons received GS sensory input, and that only 9% of
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vGluT1+ sensory bouton contacts on ‗GS‘ motor neurons accumulated CTB, a ~five-fold
reduction compared to wild type values (Figure 5.7). These inputs might originate from
GS afferents projecting to ectopic more ventral tier domains. Alternatively, GS sensory
connectivity patterns likely include a contribution from contaminating BF and ST sensory
afferents, which might be the source of afferent input onto the zone 2 ‗GS‘ cells.

After TA muscle CTB and GS muscle Rh-Dex injections in FoxP1MNΔ mice, I
found that none of the ‗GS‘ motor neurons received TA sensory input (Figure 5.7B), once
again showing that TA afferents do not project onto motor neurons in zone 2. After GS
muscle CTB and TA muscle Rh-Dex injections in FoxP1MNΔ mice, I observed that 54%
of ‗TA‘ motor neurons received GS [and presumably BF and ST] sensory input, a novel
‗non-self‘ connectivity pattern (Figure 5.7). Innervated ‗TA‘ neurons were detected at
roughly equal incidence in zones 1 and 2, which likely reflects the broad dorsoventral
termination domain encompassed by the combined labeling of GS, BF and ST afferents.
Also, the low likelihood of ‗TA‘ motor neurons receiving GS sensory input even if they
are positioned in zone 1 suggests that the intratier mediolateral positioning of ‗TA‘ cells
might be important. Normally, GS motor neurons reside in the medial portion of tier 2
and TA motor neurons in the lateral portion of tier 2. It is possible that the GS afferents
target the more medial domains of tier 2 and this is maintained in the FoxP1MNΔ mice,
thus they fail to synapse onto ‗TA‘ motor neurons. However, the mediolateral positions
of analyzed cells have not been measured and correlated to the incidence of innervation.
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Figure 5.3. Analysis of self and non-self connections
Number of motor neurons receiving CTB+ sensory inputs in control and the FoxP1MNΔ
mice indicate that not all motor neurons are affected by the changes in connectivity.
Control: TA to TA: 11 out of 13 cells received CTB+ input; GL to GL: 38 out of 42 cells
received CTB+ input; GL to TA: 0 out of 13 cells received CTB+ input; TA to GL: 0 out
of 9 cells received CTB+ input; GS to TA: 0 out of 17 cells received CTB+ input ;
Mutant: TA to ‗TA‘: 25 out of 45 cells received CTB+ input; GL to ‗GL‘: 23 out of 51
cells received CTB+ input; GL to ‗TA‘: 13 out of 23 cells received CTB+ input; TA to
‗GL‘: 11 out of 22 cells received CTB+ input; GS to ‗TA‘: 18 out of 33 cells received
CTB+ input.
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Figure 5.4
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Figure 5.4. Position of motor GL and TA motor neurons in control and FoxP1MNΔ
mice
TA and GL motor neurons in control and the FoxP1MNΔ mice identified by retrograde
tracer injections into muscles. In control animals TA motor neurons occupy tier 2, in the
FoxP1MNΔ mice they are positioned in zone 1 and zone 2, covering an area corresponding
to tier 2, 3 and tier 4 in control mice. In control animals GL motor neurons occupy tier 4,
in the FoxP1MNΔ mice they are positioned in zone 1 and zone 2, covering an area
corresponding to tier 2, 3 and tier 4 in control mice.
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Figure 5.5
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Figure5.5. Monitoring sensory input status as a function of motor neuron
dorsoventral position.
A.The dorsoventral position of each CTB-labeled motor neuron (in this case TA and
‗TA‘ neurons) mice is recorded with reference to the ventral limit of the spinal grey
matter in control and FoxP1MNΔ mutant.
B. Sensory input status as a function of motor neuron dorsoventral posiiton. Dark grey
circles: dorsoventral position of wild type TA motor neurons. ‗TA‘ and ‗GL‘ motor
neurons with CTB-labeled sensory bouton input are shown in light gray circles.‗TA‘ and
‗GL‘ motor neurons lacking CTB-labeled sensory input are shown in open circles.
C. Number of cells receiving CTB+ inputs in zone 1 and zone 2. The unequal distribution
of CTB labeled cells in zone 1 and 2 indicates importance of position. (TA to ‗TA‘ zone
1: 24 out of 26 cells received CTB+ input; TA to ‗TA‘ zone 2: 1 out of 16 cells received
CTB+ input; GL to ‗GL‘ zone 1: 1 out of 26 cells received CTB+ input; GL to ‗GL‘ zone
2: 22 out of 25 cells received CTB+ input; TA to ‗GL‘ zone 1: 11 out of 11 cells received
CTB+ input; TA to ‗GL‘ zone 2: 0 out of 11 cells received CTB+ input; GL to ‗TA‘ zone
1: 0 out of 9 cells received CTB+ input; GL to ‗TA‘ zone 2: 12 out of 13 cells received
CTB+ input)
D. Incidence of sensory input to ‗TA‘ and ‗GL‘ motor neurons in FoxP1 mutants gated to
dorsoventral zonal position. Motor neurons receiving TA sensory input are confined to
zone 1 whereas motor neurons receiving GL sensory input are confined to zone 2. (TA to
‗TA‘ zone 1: 54.30%, s.e.m.: 5.1; zone 2: 1.6%; s.e.m.: 1.4; TA to ‗GL‘ zone 1: 55.8%,
s.e.m: 4.6%, zone 2: 0%, s.e.m. 0.3; GL to ‗GL‘ zone 1: 1.46%, s.e.m.: 0.67 zone 2:
30.5%, s.e.m.: 2.77; GL to ‗TA‘ zone 1: 0%, s.e.m.: 0; zone 2: 28.2%, s.e.m.: 3.6)
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Figure 5.6
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Figure 5.6. Location of GL sensory afferent terminations in the spinal cord
A. Diagram of injections into GL and TA muscles at p21. Upon CTB injection to the TA
muscle CTB labeled sensory afferent terminals are seen in regions corresponding to zone
1 but not zone 2. Upon CTB injection to the GL muscle CTB labeled sensory afferent
terminals are seen in regions corresponding to zone 2 but not zone 1.
B. Spatial distribution of CTB-labeled vGluT1+ sensory boutons in p21 ventral spinal
cord, after GL muscle CTB injection in control and FoxP1MNΔ mice.
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Figure 5.7. Dorsoventral constraints on the breakdown of specificity in antagonist
reflex arcs in FoxP1 mutants
A. GS and TA afferents make preferential connections onto motor neurons in zone 1 and
zone 2. GS* to ‗GS‘ zone 2: 8 out of 26 cells received CTB+ input; TA to ‗GS‘ zone 2: 0
out of 12 cells received CTB+ input; GS* to ‗TA‘ zone 1: 8 out of 14 cells received
CTB+ input; GS* to ‗TA‘ zone 2: 11 out of 18 cells received CTB+ input
B. After GS muscle CTB and TA muscle Rh-Dex injections, CTB-labeled vGluT1+ GS*
sensory boutons contact Rh-Dex labeled ‗TA‘ motor neurons in p21 FoxP1MNΔ mice.
Plots show connectivity of GS* sensory boutons with ‗TA‘ and ‗GS‘ motor neurons.
Right diagram shows that labeled contaminant BF and ST sensory axons probably
account for the detection of GS* sensory bouton contacts with ventral (zone 2) ‗GS‘
motor neurons, whereas authentically labeled GS sensory afferents contact dorsal zone 1
‗TA‘ motor neurons.
C. After TA muscle CTB and GS muscle Rh-Dex injections in p21 FoxP1MNΔ mice,
CTB-labeled vGluT1+ TA sensory boutons do not make contact with dorsal (tier 2) CTBlabeled ‗GS‘ motor neurons. Plot and right hand diagram show that TA sensory axons fail
to project into the ventral region containing zone 2 ‗GS‘ [and contaminating ‗BF‘ and
‗ST‘] motor neurons.
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Chapter 5.3. Discussion

In this chapter, the relationship between cell body position and incidence of
receiving homonymous or ectopic inputs in FoxP1 conditional mutants was examined.
By doing this I aimed to examine whether the orderly tier specific targeting projections of
sensory afferents depend on motor neuron provided cues and also what significance the
organization of motor neurons carry in the establishment of sensory-motor connectivity.
TA-GL and the GS-TA reflex arcs were the focus of this study, which are normally
composed of functionally irrelevant and antagonistic connections respectively. I found
that in FoxP1 conditional mutants, TA and GL afferents maintain their ability to target
only the motor neurons that are positioned at dorsoventral positions corresponding to tier
2 and tier 4 respectively. GS afferents showed a similar behavior by projecting to tier 2,
which is their endogenous target domain. However, I also observed GS afferent terminals
in dorsoventral regions which correspond roughly to tier 3. These terminals might belong
to the afferents of BF and ST origin because of the contamination during muscle
injections. Collectively these analyses have uncovered a structural framework – a
columelar targeting rule – that can account for the changes in monosynaptic sensorymotor connection specificity observed in FoxP1 mutants.

The detection of position-specific innervation of motor neurons by proprioceptive
sensory afferents in FoxP1 conditional mutants provides evidence that the formation of
selective group Ia proprioceptive sensory synapses with homonymous motor neurons is
achieved in two sequential and separable phases. In a first phase, proprioceptive sensory
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axons would project to the coordinate position of their cognate columelar target, a
position occupied by very few of the total cohort of pools within the LMC. Results
presented in this chapter suggest that this happens in a sensory afferent autonomous
fashion. In a second phase, sensory axons would distinguish their cognate homonymous
motor neurons from the small set of neighboring synergistic and antagonistic motor
neurons that occupy a similar coordinate position. It is currently not known whether
motor neuron identities are required for this second step of final target recognition.

A conceptually simple mechanism for achieving specificity is one in which
appropriate partners are naturally juxtaposed due to the spatially coordinated growth of
an axon and its postsynaptic partner. In this view, the synaptic partners of group Ia
sensory afferents that have arrived at their designated columelar domain are simply those
motor neurons that happen to be present in the immediate vicinity. In effect, this twophase strategy simplifies the connectivity problem facing the sensory axon, by reducing
subtype diversity in the population of prospective motor neurons from which appropriate
targets need to be selected. This also provides a rationale for why motor neurons that
innervate synergistic muscles cluster themselves into columels that occupy specific
positions in the ventral spinal cord. By doing this, all synaptic targets of a given set of
sensory afferents are grouped in one region and thus presented to the sensory afferents all
together.

The general rule that the motor neuron targets of group Ia sensory afferents
supplying an individual muscle are confined to a single columelar tier has documented
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exceptions – in the cat, sensory afferents conveying information from certain hip and
ankle muscles are known to innervate motor neurons controlling knee muscles (Hongo et
al., 1984; Nichols, 1994; Eccles et al., 1957). Thus the columelar plan of sensory-motor
connectivity may be designed merely to construct a basic specificity matrix, with
subsequent refinements requiring more specialized programs of neuronal differentiation.
Differences in the timing or orientation of motor neuron dendritic growth could underlie
such refinements. At the time of arrival of sensory afferents the dendrites of neurons in
certain motor pools may already have extended into adjacent columelar territories,
ensuring that they receive input from sensory afferents programmed to target the neuronal
residents of this adjacent columelar domain. Clear exceptions notwithstanding, the
columelar targeting rule can account for the majority of monosynaptic sensory-motor
connectivity patterns in animals where specificity profiles have been documented in
adequate detail (Hongo et al., 1984).

The sensory tier targeting scheme emphasizes the contribution of motor neuron
cell body position to emergent connectivity patterns. Yet the majority of sensory inputs
on mature motor neurons are located on dendrites (Brown, 1981), a finding that is
superficially at odds with the implied significance of motor neuron somatic coordinates.
Nevertheless, early in the life of sensory-motor connections, at least in mammals,
synapses are concentrated on perisomatic regions of the motor neuron, and only later are
they redistributed to dendritic locations (Gibson and Clowry, 1999; Ronnevi and Conradi,
1974). Tellingly, analysis of the first encounters of group Ia sensory afferents and motor
neurons in embryonic rodent spinal cord has revealed that sensory axons appear to ignore
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motor neuron dendrites that intersect their ventrally-oriented path and they begin to
elaborate terminal varicosities only in the vicinity of motor neuron cell bodies (Snider et
al., 1992). Consistent with these anatomical observations, physiological studies in rodents
have shown that monosynaptic sensory-motor connections can be detected only as
proprioceptive axons arrive in the local vicinity of motor neuron cell bodies (Kudo and
Yamada, 1987). Also, at the time of arrival of sensory afferents, dendrites may not be
mature enough to receive synaptic inputs. For example, in the hippocampus there is
evidence that presynaptic axons are present and can form functional synapses but are
prevented from doing so until dendrites reach a threshold of maturation (Tamamaki,
1999); (Fletcher et al., 1994);(Super and Soriano, 1994). Together, these observations
lend support to the idea that sensory tier targeting and motor columelar coordinates are
relevant determinants of patterned sensory-motor connectivity.

Some studies in species other than mice need to be carefully considered as
exceptions given the cell body centric synapse formation view that my results favor.
Lichtman et al documented that motor neuron cell bodies of the functionally irrelevant
forelimb triceps (tri) and scapulohumoralis (sca) muscles are intermingled in the frog
(Lichtman et al., 1984). Despite the lack of positional distinctions of tri and sca cell
bodies and dendrites, triceps afferents were shown to form functional contact only with
the tri motor neurons (Lichtman and Frank, 1984). Moreover these contacts were shown
to be formed on the dendrites but not on the cell bodies of tri motor neurons (Lichtman et
al., 1984), in compliance with the observation that most sensory-motor synaptic contacts
in frogs are established in the intermediate zone of the gray matter (Jhaveri and Frank,
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1983) and that the dendrites of motor neurons grow into a preformed neuropil in the
intermediate gray matter (Jackson and Frank, 1987). However, afferent projections to the
more ventral regions of the gray matter towards the motor neuron cell bodies have also
been documented in frogs (Grantyn et al., 1982; Motorina, 1982). Based on these
observations, it was concluded that in frog motor neuron cell body topography cannot
explain the specificity of tri-sca sensory motor connections as sensory axons ramify
throughout the brachial spinal cord without an obvious predilection to send collaterals
into the region where their homonymous motor pool is located. According to these, the
above-mentioned cell body centric tier targeting mechanism might not be a universal
mechanism used in all systems or in all reflex arcs.

Antagonist sensory-motor specificity might be established through motor neuron
dependent cellular recognition.
GS afferents form connections with motor pools (GS and its synergists)
positioned in the medial tier 2 domains. GS afferents normally avoid connecting onto the
TA motor neurons in lateral tier 2 domains because of the antagonistic functions of the
TA muscle. My results show that in the conditional FoxP1 mutants, this antagonist
sensory-motor specificity breaks down in tier 2. This observation suggests that sensory
neuron autonomous tier targeting itself is not enough for the sensory afferents to make
distinctions between homonymous and antagonistic muscles. Thus avoidance of
connections with the antagonist motor pools that are located within the same dorsoventral
tier may involve cellular recognition between sensory afferents motor neuron classes.
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Motor pools that control muscles with antagonist functions at individual limb
joints are typically segregated into columels that reside in opposing medial and lateral
divisions of the LMC (Hongo et al., 1984; Vanderhorst and Holstege, 1997). This
divisional segregation happens due to a Lhx1/Isl1 controlled transcriptional program
which is likely to generate differences in cell surface adhesion molecules in motor
neurons of the lateral and medial columns. Correspondingly, muscles with antagonist
functions at an individual joint typically derive from opposing dorsal and ventral halves
of the limb mesenchyme (Lance-Jones, 1979). The differences in the transcriptional
identities of the two divisions of the LMC also direct the dorsoventral trajectory of motor
axons in the limb (Tsuchida et al., 1994; Luria et al., 2009). By analogy, cell surface
distinctions between medial and lateral LMC neurons may constrain synaptic input from
sensory afferents supplying muscles of dorsal or ventral origin, thus establishing
antagonist exclusion.

Separating the role of identity versus cell body position
In the absence of FoxP1, both motor pool identities and motor pool positioning
are disrupted. Therefore it was not possible to assess the contribution of only cell body
position without the confounding effects of loss of motor neuron identity. To understand
the separate contributions of cell body positioning and identity to sensory-motor
connectivity, positional scrambling should be achieved without loss of motor neuron
identity to provide other pool specific characters to motor neurons. Specifically, if there
are molecular identities unique to motor pools that regulate cellular recognition between
motor and sensory neurons, they need to be left intact. One animal model that might be
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utilized in approaching this issue is the cadherin-catenin mutants in which disrupted
cadherin-catenin signaling in motor neurons causes scrambling of cell bodies (Price et al.,
2002; Demireva et al., 2011). If a cellular recognition mechanism ensures sensory motor
connectivity, then in these animals one predicts that sensory avoidance of motor neurons
innervating antagonist muscles would be preserved. However, this would only be
possible if the motor neuron cadherins do not play any role in sensory input specificity
onto motor neurons.

How precise is the tier targeting?
One issue that has not been resolved with the experiments designed in this study is
whether an incoming sensory afferent can make distinctions between neighboring tiers.
Since I have focused my experiments on tier 2 and tier 4, which are distinctly separated
from each other physically, it is as yet unknown whether sensory afferent projections
terminate at focal points restricted to only one tier or include the nearest neighboring tier.
Whether the rules of tier targeting apply to tiers that are closer neighbors is not resolved.
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CHAPTER 6: Tier targeting in the absence of recipient motor neurons and
investigation of sensory ‘pool’ identities.

Summary:
Results presented in the previous chapter provided evidence that sensory tier
targeting in the spinal cord takes place independently of motor neuron identities. This
implied that motor neuron pool and columelar position is a means of locating motor
neurons at a particular position where they can be juxtaposed with the axons of incoming
sensory axons originating from the appropriate muscle. This chapter further investigates
the role of motor neurons in the establishment of the sensory motor circuit by examining
the projection behavior of sensory neurons to regions in the spinal cord that are devoid of
motor neuron cell bodies in conditional FoxP1 mice. These experiments imply that motor
neurons are specific targets of sensory afferents and are required for the maintenance of
sensory motor synapses, although not for tier- targeted projections of sensory afferents.

Although motor neuron identity does not seem to play a role in directing sensory
axons to correct tier domains, disruption of medio-lateral connection specificity in the
GS-TA reflex arcs in the motor neuron FoxP1 mutants implies that molecular recognition
between sensory afferent terminals and motor neurons might contribute to connection
specificity, once sensory afferents reach a tier destination. Moreover, the sensory neuron
autonomous program of tier targeting implies that molecular programs intrinsic to group
Ia sensory neurons might have a role in directing sensory afferents to choose correct tier
targeting domains. Therefore in this chapter I aimed to test whether there are distinct
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molecular identities specific to group Ia sensory neurons connecting with motor neuron
targets in different medio-lateral positions. Our results showed that there are distinct
‗pool identities‘ of sensory neurons.

Chapter 6.1. Introduction

Synapse formation in the absence of normal postsynaptic targets.
Within the central nervous system, experiments have been performed to assess the
alternative fates of sensory afferent terminals in the absence of target cells. In the absence
of native synaptic targets, synapses could be rearranged (Gaze et al., 1979) or could form
with normally inappropriate targets (Altman and Anderson, 1972). Lesion studies in the
hippocampus and occulomotor nucleus suggest that not only do the presynaptic neurons
survive, but they innervate other postsynaptic targets when their appropriate synaptic
targets are missing (de la Cruz et al., 1994; Peterson and Loy, 1983). The observation that
synapse formation does not follow stringent specificity rules is also supported by findings
in cell culture studies (Burry, 1982; Peng et al., 1981; Sanes and Poo, 1988) and in
studies where target neurons are more precisely eliminated by genetic tools in Drosophila
and C.elegans (Cash et al., 1992; Shen and Bargmann, 2003).

A recent study in mice, however, shows that accepting alternative postsynaptic
targets in the absence of endogenous targets is not always the case. For instance in the
absence of group Ia sensory terminals the GABAergic interneurons do not accept other
available targets, fail to undergo presynaptic differentiation, and withdraw axons from the
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ventral spinal cord (Betley et al., 2009). The fate of axonal projections in the case of
rejecting alternative targets in the neuropil shows that neurons depend on postsynaptic
targets for the maintenance of their projections.

The experiments presented in this chapter reveal that in the absence of motor
neuron targets in the motor neuron FoxP1 mutants, proprioceptive sensory neurons do
not accept any other alternative target in the vicinity of their normal target domain. The
vast majority of them retract their axons instead of changing their trajectories to seek for
available motor neurons in other dorsoventral positions, and therefore they strictly obey
tier targeting rules.

The role of molecular identity of proprioceptive sensory neurons in establishing sensorymotor connectivity
There are four main steps through which sensory motor connection specificity is
established once they enter the spinal cord. First, upon entering the spinal cord group Ia
sensory afferents have to extend ventrally to reach specific lamina in the spinal gray
matter where motor neurons are located (Brown, 1981; Brown and Fyffe 1978, 1979).
Second, an incoming sensory afferent is challenged to choose between establishing
mono- versus poly-synaptic contacts to motor neurons. Only certain classes of
proprioceptive sensory neurons make direct, monosynaptic connections with motor
neurons. Third, and perhaps in parallel to the second step, sensory afferents obey tier
targeting rules to condense their terminations to a specific dorso-ventral location. Fourth,
within a tier domain, sensory afferents need to recognize their anatomically correct
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targets; most prominently, they avoid connecting onto motor pools of antagonistic
muscles.

Projection of group Ia sensory afferents to the ventral grey matter is regulated by
transcriptional programs.
The first step of establishing sensory-motor connectivity, projection of
proprioceptive sensory afferents to ventral spinal cord, is directed by the molecular
identities of sensory afferents. Group Ia sensory afferents have two main termination
domains in the spinal cord. The first is in the intermediate spinal cord where they synapse
onto interneurons. The second is the ventral horn where they form direct monosynaptic
contacts with motor neurons (Brown, 1981; Brown and Fyffe 1978, 1979). The
distinctions between the main termination domains of sensory neurons were shown to be
made by transcriptional identities. The ETS transcription factor Er81 is expressed by
developing proprioceptive neurons (Lin et al., 1998; Arber et al., 2000). Elimination of
the Er81 gene was shown to cause a reduction of terminations of group Ia sensory
afferents in the ventral spinal cord (Arber et al., 2000) accompanied by motor deficits and
an abnormal extensor-flexor posturing of their limbs partly due to a dramatic reduction in
the incidence of monosynaptic sensory–motor connections (Arber et al., 2000).

In addition to ER81, other molecules have been identified that contribute to the
laminar targeting decisions of sensory afferents. Runx family transcription factor Runx3
has particularly well-documented effects on laminar targeting of different afferent
populations (Chen et al., 2006). Intermediate levels of Runx3 activity direct the axons of
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proprioceptive sensory axons to the intermediate termination zone where they contact
interneurons, and high levels of Runx3 activity direct proprioceptive sensory afferents
into the ventral horn. The removal of Runx3 from the cutaneous sensory afferents
restricts cutaneous sensory terminations to the dorsal spinal cord. Moreover, it was shown
that the replacement of neurotrophin receptor TrkA, which is expressed by cutaneous
neurons, by TrkC, which is expressed by proprioceptive sensory afferents, can reroute
their axons into the ventral spinal cord, showing that ventral projection can be forced by
manipulating the gene expression profile (Moqrich et al., 2004). Although none of these
proteins have been shown to direct tier targeting decisions of the group Ia sensory
afferents in the ventral spinal cord, their effects on the laminar targeting of sensory
afferents imply that tier targeting rules might also be controlled by the molecular
identities of group Ia sensory afferents.

Formation of mono- versus poly-synaptic connections is controlled by a molecular
recognition mechanism.
The majority of motor neuron pools receive direct monosynaptic input from
proprioceptive sensory afferents. The cutaneous maximus (CM) pool, on the other hand,
receives only polysynaptic inputs. Recently, the molecular recognition mechanism used
for the avoidance of monosynaptic inputs onto the CM motor pool has been discovered.
Plexin D1 is expressed in about half of the TrkC+ group Ia sensory neurons. Among
these, the majority of CM muscle sensory afferents and half of the triceps (tri) sensory
afferents express Plexin D1 at the brachial level DRGs (Pecho-Vrieseling et al., 2009). A
recognition system involving expression of the class 3 semaphorin Sema3e by selected
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motor neuron pools, and its high-affinity receptor Plexin D1 by proprioceptive sensory
neurons, is shown to be a critical factor in homonymous connectivity. Loss of Sema3ePlexinD1 signaling results in monosynaptic connections between CM afferents and CM
motor neurons. Moreover, ectopic Sema3e expression reduces monosynaptic connections
between triceps (Tri) afferents and motor neurons (Pecho-Vrieseling et al., 2009). Thus
the mono- versus poly-synaptic connectivity is established under the control of a
molecular recognition mechanism.

The role of transcriptional identities in tier targeting and intra-tier sensory-motor
specificity is not well understood.
As summarized above, molecular identities of sensory afferents are crucial
determinants of sensory-motor connectivity by way of directing group Ia proprioceptive
sensory afferents to the ventral spinal cord and determining mono- versus polysynaptic
contact. Currently, there is no direct evidence for the existence of a molecular program
that controls tier-specific targeting of sensory afferents and recognition of the correct
motor pool targets within a tier..

Evidence for the importance of sensory neuron identities in regulating sensorymotor specificity comes from a study by Wenner and Frank. Central connectivity was
examined when sensory afferents normally projecting to ventral limb were forced to
innervate dorsal limb by surgically replacing the ventral limb by the dorsal limb
(Wenner and Frank, 1995). This condition caused a dramatic re-programming of central
connectivity such that the rerouted sensory neurons formed novel central connections
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with the motor neurons that normally innervate their new muscle targets, ignoring their
original motor pool partner. This suggests that sensory neuron identities are set through
peripherally-induced mechanisms, and this enables sensory afferents to find their
correct motor pool targets in the spinal cord. Furthermore, results presented in chapter
4, in which we show the breakdown of medialateral specificity in the GS-TA reflex arc,
suggests that sensory as well as motor pool identities might be necessary for the
specific wiring of sensory afferents with motor pools within a tier.
.
Chapter 6.2. Results

Tier targeting in the absence of motor neurons.
In the previous chapters evidence was presented showing that subtype identity of
motor neurons is not a primary determinant of sensory motor connectivity. If target
identity is not significant, do group Ia sensory afferents select their dorso-ventral
termination domain without regard for motor neurons? In other words, would the tier
targeting rules be in effect even in the absence of motor neurons? Although experiments
have been designed in which motor neurons were killed in early embryonic stages, how
this manipulation affects sensory afferent projections in the ventral spinal cord have not
been analyzed (Patel et al., 2003). Here I took advantage of the changes in the
organization of motor columels in the FoxP1MNΔ mice to answer this question.

A consequence of the wholesale ventral shift in motor neuron settling position in
FoxP1MNΔ mice is a complete absence of tier1 and the medial portion of tier 2 motor
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neurons from their normal dorsal positions (Figure 6.1A). At the caudal lumbar levels,
tier 1 is normally occupied by foot motor neurons, and most other motor pools are absent
from these regions except for a number of sacral motor pools that are positioned at
extreme ventral domains (Figure 6.1B). The medial portion of tier 2 is normally occupied
by the GS motor pool and its synergistic motor pools. Absence of motor neurons from
medial tier 2 and tier 1 regions allows testing whether GS and IF sensory afferent profiles
are established in the absence of motor neurons. Since my injections into the GS muscle
contaminate the neighboring BF and ST muscles which are located in tier 3, analysis of
GS afferent projections only was not possible. Thus I focused on IF afferent projection
profiles without the confounding effects of sensory afferents originating from other
muscles. I therefore compared the trajectory and termination domain of IF sensory axons
to this dorsal tier domain in wild type and FoxP1MNΔ mice.

I first mapped the intraspinal distribution of IF sensory terminals in wild type and
FoxP1MNΔ mice. For this I used animals at p21, the age at which I have done the analyses
presented in the previous chapters. The traditional methods of labeling afferents include
single cell retrograde tracer fills or peripheral sensory root fills. The main advantage of
these techniques is the ability to visualize the primary afferent axons and thus the whole
path followed by the afferents. However, these techniques are either low yield, meaning
that only a few sensory neurons can be labeled at a time, or not effective at labeling
central projections of distal peripheral nerves of neonatal animals, due to the inefficiency
of dye transport through long distances. Thus I chose to use the efficient retrograde tracer
CTB by injecting it into the muscle. Localization of CTB to the afferent terminals
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combined with vGluT1+ staining to mark proprioceptive afferent terminals enabled
mapping of the afferent terminals. After IF muscle CTB injection in wild type mice,
many CTB-labeled vGluT1+ sensory boutons were detected in a diagonal strip that
coincided with the location of IF motor neuron cell bodies and dendrites (Figure 6.2A,G).
Higher resolution analysis revealed that the cell bodies and dendrites of IF motor neurons
were studded with CTB-labeled sensory bouton contacts (Figure 6.2B). In FoxP1MNΔ
mice, however, there was a dramatic decrease in the density of IF sensory boutons within
the diagonal strip normally occupied by IF motor neuron cell bodies and dendrites
(Figure 6.2C,H). Only ~2% of the terminals were still positioned within the normal target
domain.

Additionally, in compliance with the positions of IF afferent terminals, after IF
muscle CTB injection in FoxP1MNΔ mice, I found that none of the ‗IF‘ motor neurons
received homonymous IF sensory input, despite a high overall density of vGluT1+ bouton
contacts (Figure 6.3). Moreover, ‗IF‘ motor neurons received synaptic inputs from GL
sensory afferents, meaning that the reason for not receiving IF afferent input is not
because these cells are defective in receiving any sensory input on them (Figure 6.3).

Tier targeting during development of the IF sensory-motor synapses
These findings led me to examine if IF sensory afferents simply fail to establish
their normal trajectory and tier termination position, or whether they initially establish
appropriate projections that are later withdrawn in the absence of target motor neurons. I
monitored the intraspinal trajectory of IF sensory afferents at late embryonic (e18) stages,
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over the period that sensory afferent projections are established (Arber et al., 2000).
After Rh-Dex labeling of L5 dorsal roots and analysis of L6 spinal cord of wild type
embryos, I detected a prominent sensory afferent fascicle that projected towards the cell
bodies of IF motor neurons within a dorsal tier 1 domain (Figure 6.4). Since the only
motor neuron cell bodies in this region belong to the motor neurons projecting to the foot
muscles, the labeled sensory afferent fascicle should contain mostly the IF afferents.
Very few labeled sensory axons projected more ventrally, an indication that the mature IF
sensory axonal projection pattern is achieved without extensive pruning of exuberant
ventral projections. Similarly, L5 dorsal root labeling in FoxP1MNΔ embryos again
revealed a sensory afferent fascicle that targeted a dorsolateral tier 1 position, even
though this domain is devoid of motor neurons (Figure 6.4). Thus, IF sensory afferents
initially project to their normal tier domain in the absence of target motor neurons.

These findings provide further evidence that proprioceptive sensory afferents
project to restricted dorsoventral tier locations in a manner that is independent of motor
neuron identity. They also reveal dorsoventral selectivity in sensory axonal projections
in the absence of any target motor neurons. In addition, they indicate that the presence of
target motor neurons is needed to maintain sensory axon termination fields at later stages
of development.

Searching for molecular identities of Ia proprioceptive sensory neuron pools.
(Experiments presented in this part were performed in collaboration with Sebastian
Poliak)
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To define proprioceptor sensory neuron pool identity we searched for genes that
distinguish sensory neurons projecting to different muscles. To begin, we focused on the
TA and GS proprioceptor pools. We reasoned that the molecular identity of these two
populations would be different since they contact antagonistic motor pools located in
different medio-lateral positions, and since one projects to the dorsal (TA) the other to the
ventral limb (GS). First, with a candidate approach, genes were screened that encode
adhesion molecules that have a potential to be differentially expressed. With this
approach it was found that cadherin-13 (T-cad) reveals significant pool specificity in
post-natal (p2-5) lumbar DRG: it is expressed in 91.3% of anatomically identified (CTBlabeled, parvalbumin positive) TA sensory neurons, but by 0% of GS sensory neurons
(Figure 6.5).

Next we built on our initial findings to obtain a more complete description of Tcad expression in proprioceptor pools that innervate different hindlimb muscles. Using
muscle CTB injections, combined with profiling GFP expression in muscle spindles in Tcad:: CreERT2; Tau-lsl-mGFP transgenic mice, we documented the muscle proprioceptors
that express T-cad (Figure 6.6). The experiments conducted with these two methods are
largely in agreement with each other, showing that T-cad is expressed in most
proprioceptors innervating muscles with a dorsal developmental origin in tiers 1 and 2,
whereas it is absent from proprioceptors innervating muscles with a ventral
developmental origin (Figure 6.6). The only discrepancy observed was in the case of tier
3 thigh muscle sensory afferents, such that sensory neurons projecting to the dorsal tier 3
vasti muscles were found to express T-cad. However, spindles of these muscles were
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found negative for GFP expression. The reason for this discrepancy is unknown. With
this expression pattern, T-cad may be instrumental in setting up specificity in the
antagonistic reflex arcs in tiers 1 and 2.

T-cad expression provides an initial way of analyzing whether differential
expression of sensory pool markers is preserved in the absence of motor pool identities.
Two possibilities exist: (1) If T-cad expression in sensory neurons is induced upon
contact of sensory axons with motor axons in the periphery, its expression would be
terminated in FoxP1MNΔ mice. (2) If T-cad expression is induced through a sensory
neuron-autonomous mechanism, or through inductive factors provided by the limb, its
expression pattern must be preserved in FoxP1MNΔ mice. A motor neuron-independent
system of axonal projections would suggest that molecular programs intrinsic to sensory
neurons are established independently of motor neurons. It was found that 100% of TA
but only 4.5% of GS proprioceptive sensory neurons express T-cad in FoxP1MNΔ mice,
indicating that aspects of sensory pool identity are preserved when motor pool identity is
lost (Figure 6.7), suggesting that T-cad expression is not affected by the loss of motor
neuron identities.

It is not currently known what induces T-cad expression. Experiments conducted
by Sebastian Poliak in Lbx1 -/- mutant mice where muscle generation is abolished show
that T-cad is still expressed in normal patterns. His additional studies also showed that Tcad is not induced through interactions between sensory and motor axons in the Olig2::
Cre ; Rosa-DTA mice, in which motor neurons die in early post-mitotic life and thus
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motor axons do not reach the muscle. The role of limb mesenchymal tissue in inducing Tcad expression is currently being investigated.

Gene expression profiles of GS and TA sensory afferents
The differential expression of T-cad suggests that there might be other molecules
that delineate sensory neuron pools. Molecular screens were performed to expand the
repertoire of genes that distinguish proprioceptor pools in lumbar DRG. Genetic profiling
of TA and GS sensory neurons was done through microarray analysis of hand-picked
CTB-Alexa555 labeled, GFP+ sensory neurons isolated by dissociation of DRG from
Parvalbumin:Cre; Thy1-lsl-YFP transgenic mice at p1-p2 following previously published
procedures (Hempel et al., 2007; Malin et al., 2007). GFP expression denotes that the cell
is a proprioceptive sensory neuron, however its expression is not specific to group Ia
proprioceptors because of the diversity of cells Parvalbumin promoter is active in. Thus
the sample used for the microarray screen is a collection of proprioceptors of different
types. With this method, several genes were discovered that are enriched in GS or TA
populations (Figure 6.8). Sensory pool-specific expression of a number of these genes
was verified by semi-quantitative PCR in an independent set of samples (Figure 6.8).

Among these genes, in addition to T-cad, Sema5A was characterized most
systematically. It was found to be expressed by the proprioceptors of dorsal shank
muscles (anterior crural muscles) but not by the proprioceptors of ventral shank muscles
(posterior crural muscles). Preliminary analysis showed that its expression is absent from
the proprioceptors of both the dorsal and ventral thigh muscles except for the gracilis.
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Although the hip and foot muscles were not included in this analysis, among the muscle
groups tested, Sema5A expression seems to be restricted mostly to the proprioceptors of
the dorsal musculature (Figure 6.9).
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Figure 6.1. Consequences of loss of motor pool identities on the arrangement of
motor neuron cell bodies.
A. Top: Specific arrangement of columels in L4 spinal levels of the control mice are
disrupted in the FoxP1MNΔ mice at p21. Abbreviations: PC: posterior crural, AC: anterior
crural, H: hamstring, PH: proximal hip GS: gastrocnemius. At rostral spinal level L4
motor neuron cell bodies are grouped in a dorso-lateral zone 1 and a ventral zone 2.
Bottom: GS motor neuron cell bodies are normally positioned in the PC columel. ‗GS‘
motor neuron cell bodies identified by muscle injections are found in zone 2 only in the
FoxP1MNΔ m mice
B.Top: Specific arrangement of columels in L5 spinal levels of the control mice are
disrupted in the FoxP1MNΔ mice at p21. Abbreviations: F: foot, S: sacral, IF: Intrinsic
foot. At spinal level L5 motor neuron cell bodies are grouped a ventral zone domain only.
Bottom: IF motor neuron cell bodies are normally positioned in the Foot columel. ‗IF‘
motor neuron cell bodies identifiedby muscle injections are found to be scattered within
the group of motor neurons positioned ventrally.
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Figure 6.2. Trajectory and targeting of sensory afferents in the absence of motor
neurons in FoxP1MNΔ mice
A. Position of CTB-labeled ChAT+ IF motor neurons and sensory afferents after injection
of CTB into IF muscles of p21 control mice.
B. After injection of CTB into IF muscles CTB-labeled vGlut1+ IF sensory boutons are
found on the dendrites and cell bodies of CTB-labeled IF motor neurons. Position of high
power image on the top is shown as top box in A, on the bottom is shown as bottom box
in A.
C. Position of ‗IF‘ ChAT+ motor neurons and IF sensory afferents after injection of CTB
into IF muscles of p21 FoxP1MNΔ mice.
D. Absence of CTB-labeled vGlut1+ IF sensory boutons on the dendrites or cell bodies of
CTB-labeled ‗IF‘ motor neurons after injection of CTB into IF muscles in p21 FoxP1MNΔ
mice. Position of high power images shown as the upper box in C.
E. High power image corresponding to the upper box in A, shows the dendritic trees
reaching the dorsal spinal cord in control mice.
F. High power image corresponding to the lower box in C, shows the dendritic trees
reaching the dorsal spinal cord in control mice.
G. . Synaptic termination zones of IF sensory afferents in p21 control mice. Density plots
showing the spatial distribution of CTB-colabeled, vGluT1+ IF sensory synaptic
terminals, depicted in representative stacks of three (left) and ten (right, color plot)
sections.
H. Synaptic termination zones of IF sensory afferents in p21 FoxP1MNΔ spinal cord.
Density plots showing the spatial distribution of CTB-colabeled, vGluT1+ IF sensory
synaptic terminals, depicted in representative stacks of three (left) and ten (right, color
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plot) sections. <2% the normal number CTB-labeled vGluT1+ boutons are found within
the normal domain of IF motor neuron cell bodies and dendrites, and the focus of IF
sensory terminals is shifted dorsally.
I. CTB-labeled vGluT1+ IF sensory boutons in FoxPMNΔ mice, concentrated in a domain
just dorsomedial to the normal position of IF motor neurons. Many CTB-labeled vGluT1+
IF sensory boutons contact neurotrace (NT)-labeled interneurons (blue) in this
dorsomedial region.
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Figure 6.3. Motor neurons supplying IF muscles receive innervation from GL
afferents but not from IF afferents.
A. Schematic representation of muscle injections.
B. After GL muscle CTB and IF muscle CTBA555 injections, many CTB-labeled vGluT1+
GL sensory boutons were found in contact with ventrally displaced ‗IF‘ motor neurons.
Plot shows quantitation of ectopic GL sensory bouton contacts with IF motor neurons. In
addition, no CTB-labeled, vGluT1+ IF sensory boutons are found in contact with CTBlabeled ‗IF‘ motor neurons in FoxP1MNΔ mutants.
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Figure 6.4. Projection pattern of dorsal root L5 is maintained in FoxP1MNΔ embryos
A. Dorsal root L5 is filled with Rh-Dex at e18 n=3.
B. Left panel: Rh-Dex labeling of L5 dorsal roots in e18 control embryos reveals the
intraspinal trajectory of sensory afferents at L6 segmental levels of the spinal cord. A
distinctive laterally oriented sensory axon fascicle projects to the position of Isl1/2+ IF
motor neurons (right panel).
C. Left panel: Rh-Dex labeling of L5 dorsal roots in e18 FoxP1MNΔ embryos reveals a
laterally oriented sensory axon fascicle that targets the dorsal tier position normally
occupied by Isl1/2+ IF motor neurons (right panel).
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Figure 6.5. Differential expression of T-cad in muscle sensory neurons
A. T-cad is expressed by muscle proprioceptors identified by parvalbumin
immunoreactivity.
B. T-cad is expressed in 91.3% of TA muscle proprioceptor sensory neurons in the dorsal
root ganglia (n=6 mice, 69 cells) T-cad expressing proprioceptors were identified by
tracer (CTB-Alexa-555) injection into the TA muscle coupled with immunolabeling to
visualize parvalbumin and T-cad mRNA.
C. T-cad is not found to be expressed in the GS muscle proprioceptor sensory neurons in
the dorsal root ganglia (n=6 mice, 83 cells). T-cad expressing proprioceptors were
identified by tracer (CTB-Alexa-555) injection into the GS
immunolabeling to visualize paralbumin and T-cad.

muscle coupled with
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Figure 6.6. T-cad expressing proprioceptive sensory afferents innervate dorsal limb
muscles but not ventral limb muscles.
A.GFP expression is restricted to T-cad expressing sensory neurons by a conditional
genetic strategy. Cre recombinase is expressed under the control of the T-cad promoter
upon tamoxifen induction (e 16.5) to excise the stop sequence of a Tau-lsl-mGFP line. In
these mice, sensory neuron cell bodies of T-cad expressing cells are marked by GFP
expression.
B.With the same genetic strategy, sensory axon projections to muscle spindles can be
visualized. vGluT1 marks muscle spindles. Muscle spindles of examined ventral muscles
do not receive axons from T-cad positive sensory neurons but muscle spindles of
examined dorsal muscles do receive axons from T-cad positive sensory neurons at P7.
C.Summary diagram of results combining analysis of muscle spindle innervation by Tcad positive sensory neuron axons detected by mGFP expression in muscle spindles and
detection of T-cad expressing sensory neurons in transgenic mice upon muscle backfill
experiments. The two methods produced similar results such that the TA,EDL, Per and
dorsal Foot muscles were found to received innervation from T-cad positive sensory
afferents. VL,VI and VM muscles were found to receive T-cad sensory axon innervation
by backfil but not by muscle GFP stainings in cad13::CreErt2 x tau:lsl::mGFP transgenic
mice. Abbreviations: GL: gluteus, I: Iliopsoas, PS: Psoas, VL: vastus lateralis, VI: vastus
intermedius, VM: vastus medialis, A: adductors, BF: biceps femoris, Q: quadriceps, Ga:
Gracilis anterior, Gp: gracilis posterior, ST: semitendinosus, SM: semimembranosus, TA:
tibialis anterior, EDL: extensor digitorum longus, PER: peroneus, GSl: gastrocnemius
lateralis, GSm; gastrocnemius medialis, SOL: soleus, PL: plantaris.
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Figure 6.7. Analysis of differential expression of T-cad in the in FoxP1MNΔ mice
A.Percentage of TA muscle proprioceptors that express T-cad in control and FoxP1MNΔ
mice were assessed by retrograde tracer injections. According to this, T-cad is expressed
in similar ratios in control and mutant animals at p1-p3 (control numbers same as in
figure 6.5 mutant: 100%, 4 mice 56 cells; GS 4.5%, 2 mice, 133 cells).
B.Percentage of GS muscle proprioceptors that express T-cad in control and FoxP1MNΔ
mice were assessed by retrograde tracer injections. According to this, T-cad is expressed
in similar ratios in control and mutant animals at p1-p3 (control numbers same as in
figure 6.5 mutant: 4.5%, 2 mice, 133 cells).

255

256
Figure 6.8. Muscle proprioceptive sensory afferents have differential molecular
identities
A. Molecular identities of muscle sensory afferents projecting to TA and GS muscles
were identified through genetic profiling of isolated neurons. The muscle origins of
sensory neurons were identified after injections of CTB-Alexa555 into TA and GS
muscles in the Parvalbumin:Cre ; Thy1-lsl-YFP transgenic mice. Neurons that contain
both GFP and CTB-Alexa555 were isolated by handpicking (Hempel et al., 2007; Malin
et al., 2007) A control population of GFP- cells and whole DRGs were also collected.
Proprioceptive indentity of hand picked neurons were confirmed through PCR analysis of
TrkC, GFP and MBP expression. Myelin basic Protein (MBP) is schwann cell specific in
DRG lack of it indicates purity isolated cells. Gapdh is a housekeeping gene that is
expressed in all cells regardless of their neuronal identities.
B. List of genes discovered through microarray screening and semi-quantitative PCR
analysis that are expressed differentially in TA and GS sensory neuron populations.
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Figure 6.9. Differential expression of Sema 5A in muscle proprioceptors.
A. Quantification of number of proprioceptors expressing Sema 5A in proprioceptive
sensory neurons projecting to TA and GS muscles. 98% (61/62 cells were positive, n=4)
of the proprioceptive sensory neurons projecting to the TA muscle were found to express
Sema5A. In contrast only 1.8% of the sensory neurons projecting to GS muscle express
Sema5A (1/55 cells was found positive, n=3).
B. Summary diagram showing the muscles that are innervated by Sema5A expressing
sensory neurons. According to this only a subgroup of dorsal muscles are innervated by
sensory neurons expressing Sema5A. Abbreviations: GL: gluteus, I: Iliopsoas, PS: Psoas,
VL: vastus lateralis, VI: vastus intermedius, VM: vastus medialis, A: adductors, BF:
biceps femoris, Q: quadriceps, Ga: Gracilis anterior, Gp: gracilis posterior, ST:
semitendinosus, SM: semimembranosus, TA: tibialis anterior, EDL: extensor digitorum
longus, PER: peroneus, GSl: gastrocnemius lateralis, GSm; gastrocnemius medialis,
SOL: soleus, PL: plantaris.
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Chapter 6.3. Discussion

To address the question of whether proprioceptive sensory afferent tier targeting
is independent of the presence of motor neurons, the experiments presented in this
chapter focused on the IF reflex arc. IF motor neurons reside in tier 1, and in FoxP1MNΔ
mice their position shifts to zone 2, leaving tier 1 vacant of motor neurons. The results
show that despite the absence of motor neurons from tier 1, IF sensory afferents did not
project to further ventral locations where motor neurons were present. Instead, they seem
to terminate at their normal dorsoventral domain. Motor neuron cell bodies seem to be
only required for the maintenance of sensory afferent connections, as sensory afferents do
not accept any interneurons near the vicinity of tier 1 as their synaptic targets and
ultimately prune their axons. Group Ia sensory afferents project onto other neuronal
populations in the dorsal spinal cord. It has not been investigated in this study whether
these afferents terminate on those targets as they retract from the ventral spinal cord.

This result, combined with the results presented in the previous chapters, shows a
potential lack of contribution of motor neurons to sensory tier targeting. Moreover,
disruption of antagonist specificity in the GS-TA reflex arc implies that molecular
recognition between sensory afferent terminals and motor neuron cell bodies is
instrumental in establishing specific connections within a tier domain. With this
knowledge, the transcription profiles of genes expressed in sensory neuron populations
projecting to the GS and TA muscles were investigated. These studies revealed that a
number of genes show differential expression restricted to either GS or the TA sensory
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afferents. Moreover, the differential expression pattern of one of the genes examined (Tcad) did not change in the FoxP1MNΔ mice, showing that its expression profile is not
affected by the loss of motor pool identities. Whether and how these novel genes affect
tier targeting rules and antagonist specificity remains unknown. But at least the presence
of sensory pool identities supports the hypothesis that sensory neuron intrinsic programs
might shape the orderly projections of sensory afferents to designated tier domains and
selection of target motor neuron pools.

Sensory mapping in the spinal cord might depend on spatial interaction between axons.
The results presented in this chapter show that sensory afferent mapping might
depend on a mechanism that does not include motor neuron targets. Target independent
map formation has been observed in other systems. Surgical elimination of half the retina
or tectum results in an expansion or compression of the topographic axonal maps without
interfering with the organization of the axonal map (Fraser and Hunt, 1980; Goodhill and
Richards, 1999). These observations imply that it is the relative positioning of the axons
that is established and maintained during target innervation as opposed to an invariant
molecular matching between axons and their targets. Direct evidence for axon-axon
competition comes from studies in which genetic manipulations to R cells in Drosophila
showed that specific interactions between R cells and the precise composition of R cell
axons within a fascicle play a critical role in target specificity (Clandinin and Zipursky,
2000). Moreover, studies in mice showed that the pre-target axon sorting of olfactory
sensory neuron axons has a significant role in determining the topography of olfactory
sensory neuron projection sites in the olfactory bulb (Imai and Sakano, 2009). Thus,
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relationships that form between axons much before they reach postsynaptic targets
influence the final connectivity map.

Similar to the systems explained above, spatial relationships between different
groups of proprioceptive sensory afferents might determine their trajectories in the spinal
cord to bring them to correct tier positions, and might even contribute to the direction of
afferents to medial versus lateral domains within a tier. In this view, the outgrowth
trajectory could be determined passively by the position of the sensory afferent growth
cones as they enter the spinal dorsal horn. In the cat, the entry positions in the dorsal
funiculus and initial trajectories of the proprioceptive axons belonging to different muscle
groups were studied anatomically (Hongo et al., 1987). According to this study, the
ascending axons from the toe, shank, thigh and hip muscles run in different regions in the
dorsal funiculus and thus enter the dorsal spinal cord from distinct locations. The
argument that proprioceptive sensory afferents make autonomous trajectory decisions at
the dorsal root entry zone was also supported by studies in rats in which the early medial
and lateral sensory branch trajectories were investigated (Ozaki and Snider, 1994). Thus,
spatial relationships and relative trajectories between different groups of sensory afferents
might be a factor in assigning terminal positions in the ventral spinal cord.

Sensory mapping in the spinal cord might depend on responses of sensory axons to
spatial cues in the ventral spinal cord.

In addition to the axonal interaction mechanisms, sensory afferents might terminate
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at certain tier positions due to their different sensitivities to spatial cues that exist in the
ventral spinal cord. One can think of a scenario in which non-neural cells in the ventral
spinal cord provide a set of signals that repel or attract group Ia sensory afferents destined
for different columelar tiers, with differential sensory axonal response conferred by
graded levels of receptor expression. The broad ventral domain expression patterns and
expression time windows of some Semaphorin family members make these molecules
potential candidates for further study. Among these, Sema3A was documented to be
expressed by a large population of cells in the ventral spinal cord (Puschel et al., 1996).
Although the only repellant effects of Sema3A were shown to be on the cutaneous
afferent fibers (Messersmith et al., 1995) further and more detailed studies are necessary
to understand the exact effects of Sema3A on the projection patterns of proprioceptive
sensory afferents. The two Sema3A deletion studies in mice so far fall short in addressing
these issues because they only characterize the overall projection behavior of
proprioceptive sensory neurons without paying attention to tier specific targeting (Behar
et al., 1996; Taniguchi et al., 1997). The broad ventral domain of Sema3A expression that
has been implicated in sensory axon guidance (Messersmith et al., 1995) could constitute
one component of a more extensive Sema-based system for targeting muscle sensory
afferents in the dorsoventral axis (Cohen et al., 2005; Yoshida et al., 2006; PechoVrieseling et al., 2009).

Alternatively, tier-specific termination signals provided by glial cells might direct
sensory termination patterns. Radial glial cells have distinct morphological features
which make them instrumental in guiding the migration of neurons. Their long radial
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fibers extend toward the pia mater, and their cell bodies are located in the ventricular
zone (Liuzzi and Miller, 1987). The first studies where glial cells were shown to express
region-specific transcription factors, neurotransmitter transporters and adhesion factors
focused on the broader dorsal versus ventral expression domains (Ogawa et al., 2005).
More specifically, glial bands at different dorsoventral positions within the ventral spinal
cord were shown to be distinguishable by surface marker expression (Hochstim et al.,
2008). These findings lend credence to the possibility that glial bands might have a role
in establishing the connectivity map in the ventral spinal cord. It is possible that glial cell
populations expressing different adhesion molecules are localized to different tier
positions to stop the sensory afferents from carrying receptors responsive to the cues
provided by the glial cells.

Axonal pruning and the fate of the proprioceptive afferents in the absence of motor
neuron targets.
In the absence of the motor neurons projecting to the foot muscles, proprioceptive
afferents ultimately retract their axons from the ventral horn without accepting non-motor
neuron cells in the vicinity as postsynaptic targets. The mechanism that ensures this strict
target selectivity is unknown. It is possible that motor neurons express cell surface
molecules that are recognized by proprioceptive afferents and act as permissive signals
for synapse formation. Notably, proprioceptive sensory afferents that fail to find motor
neuron targets in the tier 1 domain do not project to zone 2 ventral levels. Thus if there
are recognition factors on motor neurons that permit synapse formation, these are most
likely confined to the cells and do not have a secondary long-range attractive effect on
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sensory afferents.

The mechanism by which proprioceptive sensory axons prune themselves in
postnatal stages is unknown. Neurons are known to be able to selectively prune their
axons by activating caspase pathways (Kuo et al., 2006; Nikolaev et al., 2009). It is
unknown whether and how these pathways are induced in sensory neurons in FoxP1MNΔ
mice. Target derived neurotrophic factors are needed for the survival of presynaptic cells
(Henderson, 1996; Henderson et al., 1994). It is possible that the loss of trophic support
provided by motor neurons may selectively activate a caspase pathway leading to axonal
pruning. However, loss of motor neuron targets may not cause the death of the
proprioceptive sensory neurons, since the muscles are a major source of trophic support
for proprioceptive sensory afferents (Oakley et al., 1995; Oakley et al., 1997). As a future
study, the survival of IF sensory afferents can be monitored selectively by quantifying the
number of proprioceptive sensory neurons in the DRG upon retrograde tracer injection
into the footpad.

Summary of results
The columelar arrangement of motor pools innervating synergistic muscles
creates a remarkable parallel between the arrangement of muscles at the periphery and
the motor neuron cytoarchitecture in the ventral spinal cord. The need to convey
proprioceptive feedback information from muscles onto the motor pools activating the
same and synergist muscles compels sensory afferents to ensure that they connect with
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the correct postsynaptic motor pool partners. In this thesis, I investigated the roles of
cellular arrangement of motor neurons in the assembly of sensory motor circuitry by
disrupting the molecular mechanism that confers motor neurons with their pool specific
characters. I achieved this by the conditional deletion of the transcription factor FoxP1
which functions as a coactivator of Hox genes that confer motor pool identities to the
LMC neurons and analyzing how this manipulation influenced the patterns of sensorymotor connectivity.

In the first result chapter (chapter 2), I introduced the genetic strategy with which
I achieved deletion of FoxP1 from motor neurons. Through histochemical analyses at
embryonic stages, I confirmed that the motor neuron phenotypes observed in the FoxP1
constitutive null mutants (Dasen et al., 2008; Rousso et al., 2008) are recapitulated in the
motor neuron conditional FoxP1 mice. According to this, motor neuron pool identities
were found to be completely abolished shown by the lack of motor pool markers. In
addition a major disruption of columnar identity was detected in the limb level motor
neurons causing a switch from LMC to HMC-like or LMC-like identities assessed by the
expression of genes demarcating motor columns. Despite these radical changes in
transcriptional identity, motor neuron axons innervated limb muscles with terminal
axonal arbors and neuromuscular junctions, which did not look overtly different from the
wild type case. This implies that motor pool identity is not required for these terminal
stages of motor neuron-muscle connectivity in the muscles examined.
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In the second result chapter (chapter 3) I aimed to characterize the changes in the
cytoarchitecture of motor columels and pools 3 weeks after birth. Doing this was
important since previous analysis in the FoxP1 constitutive null mice was restricted to
one particular stage in development without addressing whether the observed disruptions
get corrected in the later stages of development. I found that motor neuron columelar
arrangement was abolished; all but a small group of motor neurons were trapped to an
extreme ventral position. These ventrally positioned (zone 1) motor neurons most likely
corresponded to the HMC-like motor neuron population while the small group of cells
that are placed in a slightly more dorsal position (zone 2) corresponded to LMCl-like
cells as reflected by their lack of expression of the transcription factor Isl-1. Furthermore
I showed that the residual divisional identities that influenced positioning of cell bodies
might also have an influence on motor axon projections since zone 1 motor neurons were
found to exclusively project to the muscles with a dorsal developmental origin (TA, GL)
but not to the muscles with ventral developmental origin (GS, BF, ST). Zone 2 neurons
on the other hand showed no such preference. Within the confines of zone 1 and zone 2,
motor neuron cell bodies projecting to a given pool were found to be scrambled once
again implying that motor pool identities are responsible for clustering the cell bodies of
neurons constituting a motor pool and positioning them at characteristic positions in the
ventral spinal cord. In the final part of this chapter I analyzed the motor behavioral
defects in the motor neuron FoxP1 mice. The defects in the patterned muscle contractions
implied that presynaptic partners of motor neurons that have a role in coordinating
muscle contractions might have lost their ability to form specific connections onto motor
neurons in the absence of motor pool identities.
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Among the presynaptic partners of motor neurons I chose to focus on the group Ia
primary afferents for a number of reasons: (1) the rules of connection specificity in the
monosynaptic reflex arcs are well studied, (2) based on these specificity rules the
postsynaptic partners of a given synaptic afferent are located within only one motor
columel in most cases, this generates a topographic order in the termination domains of
sensory afferents. By studying the organization of sensory afferent terminations in the
motor neuron FoxP1 mutants, I aimed to provide insights into the developmental
programs that are important in establishing specific sensory-motor connections.

With this aim, in chapter 4, I designed an anatomical assay that tests the
specificity of monosynaptic connections between a designated set of sensory afferents
and motor neuron pools. With this assay, I found that the strict rules of synaptic
specificity in reflex arcs positioned in different tier domains (GL,tier 4 - TA,tier2) and
within the same tier (GS,tier 2 – TA, tier 2) reflex arcs were disrupted. Moreover there
was a ~2X reduction in the incidence of homonymous connections.

To resolve the nature of the disruptions in connectivity underlying this
connectivity profile, I planned to look for patterns in the distribution of synaptic input
among the motor neuron population. In chapter 5 I analyzed the correlation between the
positional coordinates of the motor neurons cell bodies and the incidence of receiving
homonymous and heteronymous synaptic input in the GL and TA reflex arcs. This
analysis revealed that the topographic order in sensory afferent projections observed in
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wild type mice are preserved in the absence of motor pool identity. Moreover results
presented in chapter 6 further supported this observation and also added the finding that
sensory tier targeting rules are effective even when motor neurons are absent. The
presence of motor neurons appears to be crucial for the maintenance of synaptic
connections.
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CHAPTER 7- General Discussion

In this section, I present a general overview of the processes through which
monosynaptic sensory-motor connections become organized, and place our experimental
findings in the larger context of current knowledge of sensory-motor connectivity.

The importance of motor neuron identity in organizing the development of spinal
circuits has long been appreciated. Starting with their birth, motor neurons undergo a
sequence of changes in their transcriptional identities to generate different subsets of
motor neurons. A motor neuron‘s unique transcriptional profile has a profound influence
on the early events in the development of spinal circuits. Motor neuron transcriptional
identities determine characteristic settling positions of motor columns and motor pools
(De Marco Garcia and Jessell., 2008, Livet et al., 2002), dictate connectivity patterns in
the limb by directing motor axons to specific destinations in the limb (De Marco Garcia
and Jessell, 2008; Dasen et al., 2005) and in some cases also determine the terminal
branching pattern of motor axons in muscles (Livet et al., 2002).

The sophisticated identities of motor pools gave rise to the thought that motor
neuron transcriptional identities might also have crucial roles in mediating the
establishment of later aspects of the spinal circuit assembly, including most prominently
input specificity onto motor neurons. Motor neurons work as integrators of various inputs
and it is crucial that they are accurately matched with their presynaptic targets as they
form a bridge between the central nervous system and the muscles. The important
observation that sensory-motor connections in neonatal mice exhibit the same pattern of
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connectivity found in the adult suggest that these connections become organized
predominately through genetically hardwired programs. It has been thought that such
crucial network connections can be built by molecular mechanisms in which the pre- and
postsynaptic partners match molecularly in a lock-and-key fashion. In this view,
proprioceptive neurons may seek out the appropriate motor neuron pools based on unique
cell surface recognition molecules. Indeed, the coincidental expression pattern of some
transcription factors in sensory and motor neurons supplying the same muscle supported
the idea that selective adhesion between homonymous sensory and motor neurons can
contribute to input specificity (Lin et al., 1998).
However this hypothesis still awaits to be supported by experimental results.
With the single exception of the ETS transcription factor Pea3 and its downstream target
Sema3a, very little is known regarding the molecular mechanisms that guide the selective
innervation of motor neurons by sensory afferents. However the actions of Sema3a
concern an exceptional motor pool that does not normally receive monosynaptic sensory
input. Sema3a/PlexinD1 mediated signaling mechanism is important in forming direct
versus indirect connections between sensory and motor neurons (Pecho-Vrieseling et al.,
2009). A caveat in studying the contribution of motor pool identities to sensory motor
circuit formation is the fact that few motor pools have defined molecular markers.
Additionally, interfering with motor pool identities genetically has been very difficult.
Although some adhesion molecules and transcription factors are expressed in specific
motor pools, interfering with the expression of these genes in most cases does not
generate significant phenotypic changes likely due to compensatory actions of
homologous transcription factors or adhesion molecules.
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Although a molecular matching hypothesis still remains an attractive model,
generating sufficient molecular diversity among motor and sensory neurons to organize
the huge number of reflex arcs presents a daunting task for the nervous system.
As an additional strategy to molecular matching, in other regions of the brain the
spatial distribution of synaptic partners and orderly axonal projections are utilized in
establishing neural networks. Condensing postsynaptic targets of an incoming axon to
layers or discrete nuclei can simplify the task of a growing sensory afferent in
distinguishing a smaller set of cells, reducing the demands of cell recognition for
appropriate matching.

In this view, proprioceptive afferents and motor neuron cell bodies may
independently select the appropriate topographical location in the spinal cord through
positional cues. Indeed spinal motor neurons show a remarkable organization soon after
their birth. First, motor neurons are grouped in columns, which are then divided into
divisions in accordance with the dorsal or ventral target fields of motor neurons in the
limb. Within these divisions, motor neurons are grouped in columels which accommodate
the motor neurons of motor pools that project to muscles with synergistic functions.
Motor pool and columelar grouping of motor neurons controlling the limb muscles are
organized in a way that mirrors the arrangement of limb muscle organization. The
existence of this topographic arrangement has long been known (Romanes, 1951) and is
thought to reflect the demand that the spinal motor system tailor itself to fit an
independently-assigned and non-negotiable set of mechanical constraints on limb
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movement (Nichols, 1994). Nevertheless, the functional benefits of organizing motor
neurons with an inordinately high degree of spatial precision have remained obscure.

In this thesis I provided some insight into the purpose of this cellular arrangement
by analysis of mice in which the normal positioning of motor neurons has been scrambled
by stripping them of their pool identity. I achieved this by a conditional genetic strategy
in which the transcription factor FoxP1 is deleted in a motor neuron specific manner in
mice. Under these conditions, I observed that group Ia primary afferents continued to
reach dorsoventral termination domains similar to the ones observed in the wild type
mice. Moreover, as exemplified by one reflex arc, sensory afferents do not rely on the
existence of motor neurons for establishing their orderly projections in the spinal cord.
Based on these observations, I concluded that a tier targeting rule exists that contributes
to the wiring of sensory-motor reflex circuits (Figure 7.1). This tier targeting strategy for
sensory connectivity provides a rationale for the precise topographic organization of
motor columels. The grouping of synergistic motor pools into columels permits
functionally related motor neurons to be optimally positioned to receive the coordinating
influence of proprioceptive sensory feedback from the periphery. Thus "neuronal
location" is a critical factor in determining synaptic connectivity patterns.

Mechanisms of establishing orderly proprioceptive sensory maps in the spinal cord
remain unknown
The correlated organization of motor columels in the spinal cord with limb
muscles in the periphery, coupled with the connectivity patterns observed in the sensory-
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Figure 7.1 Tier targeting provides a template for sensory-motor connectivity and a
rationale for motor neuron columelar organization.
A. i. Organization of columels containing IF, GS, TA and GL motor pools in wild type
mice.

For simplicity, columels in this diagram do not depict individual pools. ii.

Dorsoventral tier termination patterns for group Ia sensory afferents supplying individual
muscles.
B. i. Preserved tier targeting of TA (red) and GL (blue) group Ia sensory afferents in
FoxP1MNΔ mice, despite the scrambling of ‗TA‘ and ‗GL‘ motor neuron position. ii.
Preserved tier targeting of IF (purple) sensory afferents at neonatal stages in FoxP1MNΔ ,
despite the absence of motor neurons within a dorsal tier 1 domain. At later stages, IF
sensory afferents withdraw to a more dorsomedial position. Motor behavioral defects in
FoxP1MNΔ mice are likely to reflect perturbation in local interneuron and decending
connections with identity stripped motor neurons, as well as the aberrant sensory
connectivity that we document here.
C. Sensory afferents avoid connections with antagonist motor neurons. In the example
shown here, TA flexor motor neurons and their parental AC columel (red) are located
within the lateral LMC, whereas GS extensor motor neurons and their parental PC
columel (green) are located within the medial LMC. Sensory afferents from these two
muscles shun contact with antagonist motor neurons.
D. Strategies for weighting sensory inputs to synergist motor pools within a columel. i.
Schematic organization of TA (red), extensor digitorum longus (EDL, beige) and
peroneal (P, pink) motor pools in the AC columel. iii. TA sensory afferent recognition of
surface labels that distinguish TA from EDL and P motor neurons. iii. A possible role for
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activity-dependent refinement of synaptic inputs in establishing the weighted synaptic
connections of group Ia TA sensory afferents with neurons in the TA, EDL and P motor
pools.
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motor reflex arcs enforce the sensory axons to form an orderly map in the cord. My
results suggest that these maps probably form through molecular mechanisms
autonomous to the sensory afferents to interpret a regional code made by positional cues
in the ventral spinal cord. How then do group Ia sensory neurons acquire the subtype
identities that permit them to target distinct dorsoventral tiers? The topographic
relationship that links dorsoventral sensory termination domain to proximodistal muscle
position, raises the possibility that the position of group Ia sensory endings along this axis
of the limb might expose them to muscle or mesenchymal signals that impose subtype
identities needed to direct dorsoventral axonal projection patterns. Limb-derived
positional signals have ample time to impose subtype character on sensory afferents,
given that the peripheral endings of group Ia sensory axons are in place days before their
central axons enter the ventral spinal cord (Kudo and Yamada, 1987). Moreover, limbderived signals in the chick have been shown to influence central sensory-motor
connectivity, albeit across mediolateral rather than dorsoventral motor coordinates
(Wenner and Frank, 1995).

Molecular mechanisms leading to regional specification of axonal projections have
been investigated in other parts of the brain and in other animal species. Particularly well
studied structures are the mouse retina and the fly embryonic central nervous system.
Processes of retinal interneurons (amacrine and bipolar cells) project to the inner
plexiform layer (IPL) to form synapses on dendrites of retinal ganglion cells (RGCs). The
IPL is divided into several sublaminae and in only a few of these laminae interneuron and
RGCs arborize and form synapses. Recently it has been found that targeting with the IPL
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is simplified by the regional expression of Semaphorin 6A and Plexin A4 in distinct
laminae to control targeting to these domains (Matsuoka et al., 2011).

The fly embryonic nervous system is a particularly good example of orthogonal
gradients mediating axonal order. In this system gradients of slits and semaphorins are
proposed to be effective to place axons and dendrites in regional proximity thereby
simplifying the targeting program (Zlatic et al., 2003; Zlatic et al., 2009). Slit is secreted
from the midlin eand produces a repelleant gradient along the mediolateral axis of the
neuropil. In response to this Slit gradient, Robo expressed in sensory neurons excludes
sensory terminals from the medial neuropil and causes sensory afferents to shift laterally
(Zlatic et al., 2003). Thus, expression of Robo is necessary to adjust the axonal
termination points in relation to the midline. In the dorso-ventral axis the neuropile is
divided into four laminae each receiving axons from sensory neurons responding to
different modalities (Zlatic et al., 2009). It was recently shown that the confinement of
different axons to specific laminae is controlled by a sema-plexin recognition system.
Targeted expression of Plex A and Plex B causes shifts of axon terminals in the
dorsoventral axis in response to their ligands Sema 2a and Sema 1a that are shown to be
present in central and dorsal layers of the ventral nerve cord and produce concentration
gradients in restricted regions (Zlatic et al., 2009). Thus the two orthogonal Slit and Sema
gradients are thought to provide a framework that shapes the termination domains of
sneosry axons and the growth of arborization profiles of dendrites of their target neurons.
These orderly projection and growth patterns are thought to simplfy the wiring of the
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neural circuits without a heavy reliance on molecular recognition between pre and
postsynaptic neurons.

These studies prompted us to consider whether similar mechanisms might exist in
the spinal cord for the acquisition of layer specificity. A broad ventral domain of Sema3a
expression has been implicated in sensory axon guidance (Messersmith et al., 1995) and
could constitute one component of a more extensive Sema-based grid system for targeting
muscle sensory afferents (Cohen et al., 2005; Yoshida et al., 2006).

How sensory

afferents interpret such positional cues remains an unanswered question.

Currently,

studies are underway to define molecular identities of sensory neurons innervating
muscles with various proximo-distal positions. If such molecular distinctions can be
defined, it would be possible to manipulate molecular identities of sensory neurons that
enable them to make tier specific targeting. Access to sensory neurons is possible through
genetic methods since promoter sequences of genes that are specifically expressed in
primary sensory neurons are already known (eg. Runx3). Alternatively, it is possible to
target specific sensory neuron populations by muscle delivery of viral constructs that can
infect sensory neurons innervating the muscle that is injected with the virus.

Ensuring specificity within a tier domain requires additional mechanisms besides tier
targeting
The tier targeting strategy explained above significantly reduces the challenge of
sensory neurons in choosing postsynaptic targets. However it provides only a partial
solution to the sensory-motor connectivity problem. Once group Ia sensory afferents
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arrive at a designated tier destination, they need to avoid motor neurons that control
antagonistic muscles at the same joint, and to establish differentially weighted inputs to
the synergistic motor pools within a columel (Figure 9C,D).

My observation that mediolateral specificity rules break down in FoxP1 mutants
indicates that there must be additional mechanisms through which antagonist sensorymotor specificity is ensured. In contrast to the motor neuron independence of sensory tier
targeting, the avoidance of antagonist motor pools may involve cellular recognition of
motor neuron classes by sensory afferents. Muscles with antagonistic functions at an
individual joint typically derive from opposing dorsal and ventral halves of the limb
mesenchyme (Lance-Jones, 1979). The motor pools projecting to the dorsal musculature
and ventral musculature are accommodated mainly within lateral columels and medial
columels respectively (Hongo et al., 1984; Vanderhorst and Holstege, 1997). Motor
neurons assigned to the two divisions of the LMC differ in transcription factor and cell
surface profiles. These distinctions direct the dorsoventral trajectory of motor axons in
the limb (Tsuchida et al., 1994; Luria et al., 2009) and are also thought to direct the cell
body positioning of these columels. Cell surface distinctions between medial and lateral
LMC neurons may constrain synaptic input from sensory afferents.

A mechanism where lateral and medial columels carry differential cellular
identities to ensure cellular recognition with sensory afferents supplying muscles of
dorsal or ventral origin would require that sensory afferents also carry unique molecular
recognition molecules. Preliminary results presented in chapter 6 show that distinctions in
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molecular identities of sensory neurons exist. Among the genes that are differentially
expressed, T-cad expression is limited to a group of muscle sensory afferents projecting
to dorsal muscles and excluded from the ones projecting to the ventrally positioned
muscles. T-cad expressing sensory neurons might be repelled or attracted by motor
neurons expressing T-cad (Ciatto et al., 2010; Paradis et al., 2007). T-cad by itself is
presumably not the only gene that is important in selecting mediolateral targets. As our
results show many other genes are differentially expressed in the GS and TA population
which might contribute to the rules of establishing sensory motor connectivity.

The tier targeting rules and the columelar arrangements put a new emphasis on
the identities of columels rather than motor pools. It is possible that in directing the
sensory afferents to medial or lateral portions of the ventral spinal cord, medial and
lateral columelar identity is important. Similarly a shared identity might be needed to
unite cell bodies of different motor pools as columelar units. Currently, columelar
transcriptional identities are unknown. The earliest time I observed columelar separations
was e17.5. Developmentally this stage coincides with the formation of sensory-motor
connections, and molecules that are important in medio-lateral targeting of sensory
afferents might be present in a columel restricted pattern at this time. The stereotyped
positioning of columels makes the laser dissection of columelar units a technically
possible task. This approach combined with microarray analysis might reveal the genes
that are expressed in different columels.
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Notably, the concept of a target-independent component in the wiring of circuits
has previously documented examples. For instance topographic organization of olfactory
(Bulfone et al., 1998) and retinotectal (Gaze and Sharma., 1970, Fraser and Hunt, 1980;
Goodhill and Richards, 1999) sensory maps can form in the absence of target neurons.
Moreover, stereotypic innervation patterns of motor nerve-muscle connectivity are
achieved through vagaries of muscle position rather than subtype identity. Motor nerve
branching patterns are largely preserved within limbs deprived of all skeletal muscles,
implying that the identity of the target muscle itself has no demonstrable influence on the
pattern of innervation. The specificity of neuromuscular connectivity is instead imposed
by signals from the surrounding mesenchyme – exerted through coordinate control of the
trajectory of motor axons and the pattern of muscle cleavage. By virtue of proximity,
motor axons directed to a specific coordinate position within the limb will have little
choice but to connect with the muscle group that is positioned at those coordinates. Taken
together with our findings, it seems possible that key programs of central and peripheral
connectivity involved in the assembly of sensory-motor reflex circuits are accomplished
without reliance on intricate programs of target subtype recognition.

Forming weighted connections onto synergistic motor pools
Within one columel, sensory afferents establish weighted connections with
functionally synergistic motor pools. The rules that govern the weighting of sensory
connections to functionally related motor pools within a columel have not been defined,
but two general possibilities can be considered. Variably weighted strengths of sensory
input could be conferred by sensory recognition of molecular distinctions in the surface
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properties of neurons assigned to different motor pools (Figure 9Di,ii).

Molecular

recognition has been shown to control a different step in sensory-motor connectivity -the fundamental decision of muscle sensory afferents to form direct or indirect
connections with motor neurons. At brachial levels of the spinal cord, neurons in the
cutaneus maximus motor pool lack monosynaptic connectivity from group Ia sensory
afferents (Vrieseling and Arber, 2006). This unusual wiring feature has its basis in the
motor pool-selective expression of a sema3e ligand which engages a plexinD1 repellant
receptor on sensory axons, thus preventing sensory contacts with this set of motor
neurons (Pecho-Vrieseling et al., 2009). However, sensory exclusion mediated by semaplexin signaling exhibits an absolute, all-or-none, character that differs from the nuanced
weighting of connections that characterizes the sensory innervation of synergist motor
pools.

Notably, attempts over the years have largely failed to find molecules that are
specifically expressed in one motor pool only in a manner to distinguish synergistic
motor pools from each other. In a recent attempt to discover motor pool specific makers,
I compared the gene expression profiles of surgically removed ventral spinal cord tissue
of wild type and FoxP1 constitutive null mutants. Since motor pool identities are eroded
in FoxP1 constitutive null mutants, I expected to discover genes that are present in the
wild type but not in the FoxP1 gene expression data set. This comparison at least in the
brachial limb levels resulted in the discovery of a very low number of novel genes that
showed a motor pool-restricted expression. Although the experimental procedures might
have reduced the sensitivity of my analysis, this together with the scarcity of genes that
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were previously discovered implies that motor pools may not have an identity that is
unique to them but combinatorial expression of different genes might set up the
distinctions between motor pools that are recognized by incoming sensory afferents, or
the contribution of activity-dependent programs might have a previously underestimated
role in circuit formation.

An alternative possibility for how quantitative differences in strength of sensory
input emerge is via activity-dependent refinement, similar to what occurs during
appearance of ocular dominance formations (Figure 9Diii). An initial condition of
randomly assigned and uniformly weighted connections with neurons in each of the pools
in a columelar group could subsequently be transformed, through the pool-specific
punishment or reinforcement or certain synaptic connections, on the basis of distinctions
in the pattern and/or relative timing of direct and indirect sensory inputs to a particular set
of motor neurons (Abbott and Nelson, 2000) (Figure 9Ciii). Intriguingly, supporting anactivity mediated specificity program that shapes the weighted connectivity patterns,
analysis of sensory-motor connectivity under conditions in which sensory feedback has
been inactivated reveals altered patterns of specificity primarily between motor pools
within an individual columelar group (Mendelson and Frank, 1991). If this view holds,
then not only the dorsoventral tier targeting but also connections within a tier domain
emerge though developmental processes with scant reliance on the recognition of
distinctions in motor neuron target type.
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mechanisms is sufficient for the specific wiring of sensory-motor connections why do the
limb innervating motor neurons become clustered into unitary pools? While there is
topographic registration of motor neuron columels and limb muscle position, individual
motor pool positions within a columelar group show no obvious correlation with the
individual positions of their synergist muscles (McHanwell and Biscoe, 1981; De Marco
and Jessell, 2008). This suggests that the initial programming of sensory-motor
connectivity relies on higher-order columelar coordinates, rather than individual pool
positions. Intriguingly, columelar groupings are preserved in the mature spinal cord,
whereas motor neurons assigned to different motor pools within a columelar group are
extensively intermixed (Lichtman and Frank, 1984) Vanderhorst and Holstege, 1997).
The clustering of neurons is a prerequisite for the coherence of columelar groups. In
addition, the formation of gap junctions between functionally related neurons has been
argued to synchronize motor firing and promote neuromuscular synaptic stability. The
clustering of motor neuron into pools may therefore provide an efficient means of
achieving the degree of membrane proximity necessary to direct appropriate patterns of
junctional communication.

The tier targeting of group Ia sensory afferents has implications for other aspects
of motor circuit assembly. Many of the interneurons implicated in the patterning of motor
output settle in distinct dorsoventral domains (Grillner and Jessell, 2009; J. Bikoff and
TMJ, unpublished observations). The differing tier termination domains of sensory
afferents will therefore constrain their potential for connectivity with interneuron
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subtypes. Renshaw interneurons provide recurrent feedback to motor neurons, and
occupy an extreme ventral position in the spinal cord (Alvarez and Fyffe, 2007). This set
of interneurons is likely to be out of range of group Ia sensory afferents that convey
feedback from distal limb muscles and terminate dorsally, yet well positioned to receive
input from afferents supplying proximal limb muscles that terminate ventrally. Sensory
tier targeting may therefore underlie reported discrepancies in the existence of
monosynaptic sensory input to Renshaw interneurons (Mentis et al., 2006; Ryall and
Piercey, 1971). Similarly, a dorsoventral separation in the position of motor neurons and
Renshaw interneurons could account for the absence of a recurrent inhibitory feedback
system onto motor pools that innervate distal limb muscles (Illert and Wietelmann, 1989;
Turkin et al., 1998).

More generally, our findings pose the question of the developmental advantage of
constructing spinal motor circuits through a mechanism that couples the precise
positioning of neuronal cell bodies with target-independence of afferent projection
pattern. One potential virtue of this positional scheme is that it provides a way for
sensory afferents to engage the diverse array of interneuron subtypes needed to control
the output of a specific motor pool, without the molecular burden inherent in allocating
intricately matched surface recognition profiles to an ensemble of sensory-recipient
neurons.

Mechanisms that mediate columelar and limb positional coordinates
The topographic matching of motor neuron columelar groups and their
functionally related limb muscles may have a common molecular foundation.

Motor
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neuron subtype identities that direct dorsoventral and mediolateral settling position are
initiated by the early opponent actions of retinoid and FGF signaling systems and
interpreted by a combinatorial network of Hox genes and FoxP co-factors (Dasen and
Jessell, 2009). In parallel, the early proximodistal pattern of the limb mesenchyme is
established by opponent retinoid and FGF signaling, and mediated by the localized
expression of Hox genes and their cofactors (Cooper et al., 2011; Rosello-Diez et al.,
2011); Zeller et al., 2009). The coordinated activities of vertebrate Hox genes may
therefore program the matching of spinal and limb positional values that later direct the
pattern of sensory-motor connections.

Functional outcomes of loss of motor neuron identities on generation of motor movement
The functional consequences of eliminating motor neuron identity on motor
behavior have been analyzed in this thesis. This analysis showed a simultaneous activity
pattern of all muscles analyzed during the course of swimming. The output of the spinal
motor system depends critically on the coordination of synaptic inputs from local circuit
interneurons as well as sensory neurons. What are the contributions of defects in wiring
these circuits to the observed defect in movement? This question is a difficult question to
tackle with the available knowledge on the components of the spinal motor circuits.
However some insights can be gained through physiological analyses of circuit functions
in the conditional FoxP1 mutants. For example, do the ectopic synaptic projections
observed in anatomical assays provide functional input onto motor neurons? This can be
assessed through whole-cell patch clamp recordings from identified motor neurons while
stimulating identified peripheral sensory nerves. If these connections are not functional
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this would suggest that the miswiring of sensory-motor connections probably does not
have a role in inducing the observed disturbances in behavior.

The principles of input specificity of interneurons onto motor neuron pools remain
less well defined and thus more difficult to untangle. Specificity could involve
interneuronal recognition of distinct motor pools or the operation of activity-dependent
programs of target refinement. Insight into patterns of inhibitory connectivity is most
advanced for neurons that mediate reciprocal inhibitory connections in antagonist
sensory-motor reflex arcs, so-called group Ia inhibitory interneurons (Hultborn et al.
1971). These interneurons derive from V1 and V2b neuron classes, and physiological
studies have defined core features of group Ia inhibitory connectivity patterns in isolated
neonatal mouse spinal cord preparations, providing a basis for examining Ia interneuronmotor pool connectivity conditional FoxP1 mice (Wang et al., 2008). Muscle stretch
activates homonymous MNs via the direct excitatory projection of Ia afferents to
homonymous MNs and reciprocally inhibits MNs supplying antagonist muscles via the
IaINs. In mice the disynaptic pathway between Ia afferents supplying the Quadriceps (Q)
muscles and Pb/St motor neurons has been shown to be accessible for the functional
assessment of connection specificity (Wang et al., 2008) as it was in cat (Eccles and
Lundberg 1958; Hultborn et al. 1971). Similar assays can be used to explore whether the
loss of motor pool identity in FoxP1 mutants perturbs the selectivity of Ia interneuron
inputs.

Access to individual spinal interneuron populations is limited at the moment for
assessing functions and connectivity of identified populations of interneurons.
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Alternatively, isolated spinal cord recordings provide a way of assessing broad spinal
network output. A fictive locomotor pattern can be elicited in isolated spinal cords of
mice in vitro by transmitter application or electrical stimulation and recorded as
motoneuron burst firing in ventral nerve roots (Grillner, 2003; Kiehn, 2006). The burst
firing patterns recorded from ventral roots are similar to those observed during
locomotion mainly extensor and flexor alternation on one side of the cord coupled with
alternation on the contralateral side. One important feature of this preparation is that one
can monitor activity of spinal interneuron networks without the confounding effects of
the sensory neurons. My preliminary experiments using invitro spinal cord preparations
of neonatal conditional FoxP1 mice show that the alternating activity patterns of flexor
and extensor motor roots are disrupted and show partial overlaps. This would mean that
sensory afferent connectivity defects alone do not produce the locomotion behavior.
More systematic analysis using this method combined with electrical recordings from
interneuron subpopulations as new genetic markers become available will contribute to
the understanding of how spinal interneurons contribute to locomotor movement
generation.
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CHAPTER 8: Materials and methods

Mouse Strains:
The following mouse strains were used in this study: Olig2::Cre (Dessaud et al, 2008),
conditional FoxP1 (Feng et al, 2010), Thy1::lsl:YFP ((Buffelli et al., 2003),
Tau::lsl:mGFP (Hippenmeyer et al., 2005);

Parvalbumin: Cre (from Silvia Arber),

cad13::CreErt2 (Laboratory of Joshua Sanes, unpublished). After post weaning stages
Olig2:Cre; FoxP1fl/fl mutant mice were fed through placing food and solid water on the
ground of the cage. In total 57 Olig2:Cre; FoxP1fl/fl mutant mice were used to acquire
the results presented in this study.

Olig2:Cre mice were generated by Bennett Novitch. This line was generated by
knockin/knockout technology into the endogenous Olig2 locus. Homozygous animals for
the Cre allele are not viable. The following primers were used to screen for the presence
of Cre - 5'-GCT AAG TGC CTT CTC TAC ACC TGC -3', and 5'-GGA AAA TGC
TTC TGT CCG TTT G-3 and a PCR product of 500bp was amplified.

FoxP1-flox mice were generated by Gregory Ippolito (Feng et al., 2010,
Laboratory of Philip Tucker) Foxp1 exons 11 and 12 flanked by 2 loxP sites to enable
Cre mediated recombination. Genotypes of Foxp1f/+, Foxp1f/f mice were determined by
(PCR) amplification. The wild-type allele was identified by the production of a 370–base
pair PCR product and mutated Foxp1 allele was identified by the production of a 280–
base pair PCR product with primer 1 (5′-CTCCTAGTCACCTTCCCCAGTGC-3′) and
primer 2 (5′-GAACACTGTCGAATGACCCTGC-3′).
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In Situ Hybridization Histochemistry:

In situ hybridization was performed using digoxigenin (DIG) labeled cRNA probes
(Schaeren-Wiemers and Gerfin-Moser, 1993). Tissue samples were fixed overnight in 4%
paraformaldehyde (PFA)/0.1M phosphate buffer (PB) at 4°C, washed several times with
phosphate-buffered saline (PBS) and cryoprotected overnight in 30% sucrose/0.1M PB
solution at 4°C. Tissue was embedded in OCT medium (TissueTek), quick-frozen on dry
ice and stored at -80°C. Cryosections of 12 um – 15um thickness were processed for in
situ hybridization. Anti-sense DNA templates for in situ probes for T-cadherin, Sema5a
and Parvalbumin were generated were subcloned from full-length cDNAs or were
generated by RT-PCR using Superscript One- Step RT-PCR (1098-034, Roche).

Templates for probes were isolated from el4.5 spinal cord RNA isolated by the
Trizol method as per manufacturer's protocol (Invitrogen). DIG-cRNA probes were
generated by in vitro transcription from linearized DNA templates, by incorporation of
DIG-UTP using a DIG RNA Labeling Kit (11 175 025 910, Roche), as per manifacturer's
protocol. Dual fluorescent in situ hybridization was performed with the tyramide signal
amplification (TSA) Plus Fluorescence System (PerkinElmer) according to the
manufacturer's protocol.

Immunohistochemistry:
In all experiments immunostainings were performed overnight with antisera coupled to
either FITC, Cy3, Cy5 (The Jackson Laboratory), or Alexa 488 (Invitrogen) depending
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on the design of the experiment. All fluorescent preparations were mounted in
Vectashield (Vector Laboratories). All images were acquired on Zeiss LSM510 Meta
confocal microscopes.

The following antibodies and reagents were used in this study:
mouse anti-Bassoon 1:4000 (Stressgen Bioreagents), goat anti-ChAT 1:200 (Chemicon
Int‘l), rabbit anti-Shank1a 1:1000 (Betley et al., 2009), guinea pig anti-vGluT1 1:32000
(Betley et al., 2009), goat anti-CTB 1:8000 (List Biological Laboratories), rabbit antiCTB 1:4000 (GenWay Biotech Inc.), rabbit anti-Alexa 488 1:1000 (Invitrogen), rabbit
anti-Neurofilament 1:1200 (145 kDa, Chemicon), mouse anti-human ERR gamma
(Perseus Proteomics), rabbit anti-Tetramethylrhodamine 1:1000 (Invitrogen), rabbit antiFoxP1 (Dasen et al., 2008), guinea pig anti-FoxP1 (Dasen et al., 2008), RALDH2 (Dasen
et al., 2008), guinea pig anti-Isl1(2), a polyclonal antibody that recognizes more strongly
Isl1 than Isl2 (Dasen et al., 2005), rabbit anti-Nkx6.1 (Dasen et al., 2008), Alexa Fluor
555 alpha-bungarotoxin 1:500 (Invitrogen), Neurotrace 500/525 Fluorescent Nissl Stain
1:1000 (Invitrogen), Tetramethylrhodamine Dextran (Dextran TMR) ( 3000 MW
Invitrogen), cholera toxin B subunit (CTB) (List Biological Laboratories), CTBAlexa488 and CTB-Alexa 555 (Invitrogen), Alexa Fluor 555 alpha-bungarotoxin
(Invitrogen), rabbit anti-Runx3 (Kramer et al., 2006), rabbit anti GFP (1:1000,
invitrogen), anti Parvalbumin (Swant Inc.).

Embryonic spinal cord staining:
Tissue samples for immunohistochemistry were fixed in 4% PFA/0.1M PB at 4°C for 2
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hours for e13.5-e17.5. For embryos older than ages e15.5 ventral laminectomy was
performed prior to fixation. After fixation, embryos were washed with cold PBS several
ties for 30mins and sucrose treated (overnight) before cryopreservation at -80°C in OCT
medium. Immunohistochemistry on 16u thick cryosections was performed as described
(Dasen et al., 2008, Tsuchida et al., 1994).

Postnatal spinal cord staining:
Spinal cords were dissected from animals that were transcardially perfused with PBS,
followed by 4% paraformaldehyde (PFA), fixed overnight in 4% PFA, and subsequently
transferred to PBS. Spinal levels were determined based on identification of ventral and
dorsal roots based on the shapes, sizes and positions of the roots. Once the region of
interest is isolated, the dura matter was removed. Spinal cords were embedded in warm
4% low melt agar. Serial transverse sections (80 μm) were cut on a vibratome. Sections
were collected in 24 well plates maintaining the positional information of individual
sections and processed for immunostaining as free-floating sections to allow antibody
access to both sides of the section. Sections were incubated overnight at 4°C in primary
antibodies diluted in 0.2% Triton (PBS-T) and 0.5% BSA. The following day, sections
were washed in PBS-T for 4 times 20 mins each and treated overnight at 4°C with
secondary antibodies diluted in PBS-T and 0.5% BSA. The next day, sections were
washed in PBS and mounted on slides.

Muscle spindle and neuromuscular junctions stainings:
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In cases where sensory axons were visualized through GFP expression in T-cad
expressing sensory neuron axons of cad13::CreERt2 x tau::lsl::mGFP mice, tamoxifen
induction was performed at e 16.5 through oral gavage in pregnant mice. Individual
muscles were dissected out from the limbs of decapitated mice at p2 or p7. Muscles were
fixed in 4% PFA for 2 hrs, washed in PBS and treated with 30% sucrose overnight prior
to freezing in O.C.T. compound (TissueTek). Frozen tissue was cryosectioned to 30 μm
thickness and incubated overnight with primary antibodies in PBS with 0.1% Triton
(PBS-T) and 0.1% BSA. The following day muscle tissues were washed with PBS and
subsequently treated with PBS-T with secondary antibodies and Alexa Fluor 555 alphabungarotoxin (in the case of NMJ stainings, Invitrogen) for 2 hrs. Sections were washed
with PBS and mounted on slides.

Dorsal and Ventral Root Fills:
Embryos from stages e17.5-e18 and postnatal animals at p0 and p7 were
eviscerated and dissected in ice-cold oxygenated aCSF (127mM NaCl, 3mM KC1,
1.25mM NaH2P04, 26mM NaHC03, lOmM D-glucose, ImM MgCl2 and 2mM CaCl2).
The dorsal epidermis and dura were removed prior to root fills. Dissected embryos were
pinned down and the roots to be injected were identified. Negative suction was applied to
place dorsal or ventral roots in pulled glass capillaries that are held stably by
micromanipulators. The tip of the glass capillaries were filled with Rh-Dextran (10% in
ddH2O) and the tissue is incubated at room temperature overnight in continuously
oxygenated aCSF. Following day, spinal cord tissue was freed from suction and fixed in
4% PFA/0.1M PB at 4°C for 6-16 hours. After fication tissue was washed in cold PBS
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several times and sectioned with a vibratome.

Retrograde Dye Injection:
Motor neurons supplying the TA, GS, GL, IF muscles were retrogradely labeled
in vivo by the intramuscular injection of cholera toxin B subunit (CTB) (List Biological
Laboratories), CTB-Alexa488 or CTB-Alexa 555 (Invitrogen) or Tetramethylrhodamine
Dextran (Dextran TMR) (3000 MW Invitrogen). For this purpose, p14-p16 mice were
anesthetized by 3-4% isoflurane inhalation. A small incision on the skin was performed
to expose the muscle of interest. In dextran injections, muscle was injected at multiple
sites with a total of 2-3 μl 10% Dextran-TMR using a pulled glass microelectrode with a
broken tip. A measured volume of dye was loaded into the glass electrode by suction and
was delivered to the muscle using slight positive pressure. In CTB injections, muscle was
injected at a single site with a total of 1-2 μl 1% CTB, mixed with 0.5% Dextran-TMR or
Dextran-FITC (Invitrogen) to visualize the release of the dye into the muscle. Skin was
sutured and animals recovered from anesthesia and returned to their cages for 4-5 day
post-surgery survival. After the spinal cords were dissected, the injected muscle and its
neighbors were dissected out and checked under an epifluorescent microscope to detect
fluorescence emitted from the injected dye. This way, dye spillage into neighboring
muscles was monitored. Mice that contained contaminated muscle labeling were omitted
from the studies.

Quantification of Synaptic Contacts and Synaptic Bouton Densities
Quantitative analysis of vGluT1+ synaptic boutons on motor neurons at postnatal day
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p18-p21 was performed on 30-60 μm thick z-series of 0.5 μm optically scanned confocal
images obtained at 63X magnification. Counting of synapses was done on the part of the
cell body and ~75u of proximal dendrites. Small diameter gamma motor neurons were
excluded from this study. vGlut1+ puncta that are in close proximity with motor neuron
cell membrane were scored as synaptic terminals on the basis of their morphology,
oriented presynaptic expression of bassoon and localized post-synaptic expression of
shank-1a (Betley et al., 2009) Cell surface area was calculated using Neurolucida
software as described in Betley et al., 2009.

Analysis of Topographic Distribution of Synapses:
After retrograde labeling of IF and GL muscles spinal cord sections were stained
with anti CTB, anti vGluT1 and anti ChAT antibodies. 0.7 μm optically scanned confocal
images of the whole spinal cord were obtained at 63X magnification using the tiling
function of the ZEN software (Zeiss). These images were then analyzed using the
IMARIS software (Bitplane). To identify the synapses that are filled with CTB a separate
channel was created using the Coloc module in IMARIS. These puncta were filtered
according to their size and marked by using the SPOTS function. To display the
topographic organization of these colocalized points either IMARIS images were
exported as figures or the X and Y coordinate positions of these puncta were exported
from IMARIS. These coordinate values collected from different spinal cord sections were
normalized according to the size and shape of the cords and used in plotting density plots
in MATLAB (The Matworks, Natick, MA) using the hist2d and contourf functions.
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Quantification of Spatial Randomness
TA muscle was backfilled with CTB as described in the retrograde dye injection
section of the methods. Transverse sections of p18 spinal cord were stained for ChAT
and CTB and 30-40 μm thick z-series of confocal images were acquired. 12 transverse
sections from FoxP1fl/fl mice (n=2) and 22 transverse sections from FoxP1MNΔ mice (n=3)
were used in this analysis. Every section was analyzed independently by manually
marking the somatic centers of CTB+ and ChAT+ motor neurons. These coordinates
were then analyzed using custom scripts written in MATLAB (The Matworks, Natick,
MA). For each spinal cord section, the summed pairwise Euclidean distance between
CTB+ neurons was calculated. Subsequently, this number was compared against a
random distribution generated by shuffling the location of the CTB+ neurons 200 times.
The possible locations of the CTB+ neurons were constrained to lie at the coordinates of
ChAT+ motor neurons identified in the data. After each permutation, the summed
pairwise distances between CTB+ backfilled neurons was recalculated--yielding a
distribution of values for each transverse section. This distribution (black histogram),
which reflects the summed pairwise distances between CTB+ neurons that are randomly
distributed amongst all motor neurons, was compared to the distance value generated
from the data (red line). Z scores indicate the number of standard deviations away from
the mean of the random distribution the data lies in a specific section.

Isolation of identified proprioceptive sensory neurons and gene expression profiling
Sensory neurons innervating the TA and GS muscles were identified by CTBA555 injection into the muscles of Parvalbumin:Cre; Thy1-lsl-YFP mice at P0-P1. Mice
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were anesthetized on ice for 2-3 mins and a small slit was made on the skin to expose the
muscles. 0.25-0.5 ul of CTB-A555 was injected into the selected muscles by using thin
glass capillaries. Animals recovered and kept with their mothers until the next day.
Following day mice were decapitated and a fast ventral laminectomy was performed in
cold, oxygenated aCSF to expose the DRGs. Subsequent steps were performed by
Sebastian Poliak. DRGs were identified on the basis of position and isolated and
collected in eppendorf tubes filled with aCSF. Collected DRGs were treated following a
cell dissociation protocol (Hempel et al., 2007; Malin et al., 2007). This mixture is then
plated on cell culture dishes and TA and GS sensory neurons were identified based on
GFP and Alexa555 fluorescence. Individual TA and GS cells were collected by mouth
pipetting and 3 sets of samples prepared for RNA isolation containing 20-30 cells each.
Collected cells were then either preserved at -80°C or processed directly for harvesting
mRNA. Three replicates of mRNA were isolated (Arcturus PicoPure RNA isolation Kit).
Using this RNA double stranded DNA were generated and amplified (WT-Ovation Pico
RNA amplification system, Nugen) This DNA sample was fragmented and labeled
(Encore Biotin module, Nugen). Comparison of the transcription profiles of the two
populations of neurons was performed on Affymetrix (Santa Clara, CA) GeneChip
Mouse Expression Array 430A. The RNA hybridization was performed by Vladan
Miljkovic at the Herbert Irvign Cancer center at Columbia University and statistical
analysis was performed using Partek and Microsofy Excel softwares.

Motor behavioral analysis (performed by Turgay Akay)
Adult mice were implanted with bipolar EMG recording electrodes (Pearson et al.,
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2005; Akay et al., 2006). EMG activities were recorded during free walking for 34 cm
Plexiglas runway. After walking trials, mice were placed in a tank with C water for
collected using Power1401 and Spike 2 (version 6.02, CED, Cambridge, UK) software
and analyzed by Spike 2, Excel 2003, and statistiXL (version 1.8).

Plotting Holstege-Nichols linearity
The plot of the dorsoventral position of motor pools and columels as a function of
the proximodistal position of hindlimb muscles was obtained as follows. The epicenter of
individual motor pools was calculated from high resolution scan data of motor neuron
position at different segmental levels provided in Vanderhorst and Holstege (1997), and
the distance from the ventral-most tip of the spinal gray matter was recorded. The mean
dorsoventral position of each pool was calculated by averaging distances from all
sections of a given labeled motor pool. The proximodistal position of individual muscles
in the cat hindlimb was calculated as the mean distance between muscle origin and
insertion points provided in Burkholder and Nichols (2004), assigning pelvis position as
the origin. For most muscles, this mean proximodistal value coincides with the maximum
girth of the muscle. Motor pool and columelar dorsoventral positions were plotted as a
function of muscle proximodistal position, and the coefficient of regression calculated.
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