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EPIGRAPH

In all things of nature there is something of the marvelous

Aristotle
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ABSTRACT OF THE DISSERTATION

The assembly and function of sensory-motor circuits

in the developing spinal cord

Kathryn Lewallen Hilde

Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2015
Professor Samuel L. Pfaff, Chair

Professor Lawrence S. Goldstein, Co-Chair

A fundamental question in the study of motor control is how the nervous system
accomplishes the complex task of integrating commands from multiple movement systems in
order to perform a motor behavior. Even the simplest tasks, such as withdrawing the limb from a
painful stimulus or taking a single step, involve multiple areas of the brain and spinal cord.

Examples of movement parameters that are encoded within the nervous system include the

xviii



selection and timing of muscle contraction in order to move a body region to a desired position,
and the coordination of multiple body joints and body regions. Significant progress has been
made in the field to understand the contribution of individual cell types to motor control, as well
as the genetic mechanisms that regulate the development of individual cell types. However, the
circuit components that link multiple motor control populations, as well as the mechanisms that
regulate the formation of integrative motor networks, are poorly understood.

This dissertation describes a series of original work that aims to elucidate the cellular
players and developmental mechanisms that assemble circuit components into functional neural
networks. The first chapter provides a framework for understanding how different motor control
pathways are organized within the central nervous system. The second chapter describes a group
of premotor neurons that are located in the deep dorsal horn of the spinal cord, receive input from
multiple motor control pathways, and bind together the activity of multiple motor pools.
Importantly, genetic markers (Satb1, Satb2, and tcfAP2f) were identified that, to date, comprise
the most significant fraction of molecularly defined premotor neurons in the spinal cord.

The third chapter describes a novel population of cells that express the genetic marker
Satb2, spinal interneurons that are located at the intersection of incoming sensory and outgoing
motor information. This work examines the role of the Sath2 gene in spinal interneuron
development, as well as sensory-motor circuit assembly and function. This work provides an
important contribution to our understanding of the organizational logic of integrative spinal

networks and the types of movements they control.

Xix



Chapter 1

Spatial organization of cortical and spinal neurons

controlling motor behavior



Spatial organization of cortical and spinal neurons controlling motor behavior

Abstract

A major task of the central nervous system (CNS) is to control behavioral actions, which
necessitates a precise regulation of muscle activity. The final components of the circuitry
controlling muscles are the motorneurons, which settle into pools in the ventral horn of the spinal
cord in positions that mirror the musculature organization within the body. This ‘musculotopic’
motor-map then becomes the internal CNS reference for the neuronal circuits that control motor
commands. This chapter describes recent progress in defining the neuroanatomical organization
of the higher-order motor circuits in the cortex and spinal cord, and our current understanding of
the integrative features that contribute to complex motor behaviors. We highlight emerging
evidence that cortical and spinal motor command centers are loosely organized with respect to the
musculotopic spatial-map, but these centers also incorporate organizational features that associate

with the function of different muscle groups with commonly enacted behaviors.

Introduction

An animal’s behavioral repertoire is evolved to suit its particular survival needs and
originates from the nervous system circuitries that control movements. One major strategy for an
animal to organize the neuronal networks for diverse behaviors is to possess ensembles of
neurons that are distributed to form maps of external space or body space. These ‘topographic’
arrangements are a common theme in the vertebrate nervous system (Text Box 1.1). Within the
motor networks that are the focus of this review, topography is a major organizing principle of
many critical components, including the spinal motorneurons, the motor cortex, the spinal

sensory system, and the spinal interneurons.



Text Box 1.1: Definitions and Concepts.

Topography:

The description of the locations of neurons within the central nervous system. It is often
specifically used to describe an arrangement of neurons that has an orderly relationship to
the space of an external input or output. Examples include the retinotopic maps of the visual
cortex, the tonotopic map of the auditory cortex, the multiple somatosensory maps of the
sensory cortex, and the musculotopic organization of spinal motorneurons.

Frame of reference:

The organization of the central nervous system network relative to a given external or body-
based scheme. For instance, visual processing incorporates a retinotopic frame of reference
with an internal reference of eye position to form a ‘head-centered’ frame of reference’. In
the spinal cord, both the proprioceptive system and motorneurons are organized with respect
to muscles, but the nociceptive sensory targets have a skin-based frame of reference.

Dimensionality:

The number of parameters encoded in a neural circuit. For instance, the parameters, or
dimensions, of a visual image are form, color, and motion, and these can be encoded and
processed separately. In cortical coding of a motor command, information may include
multiple dimensions such as which muscles to contract, and the timing, force, and velocity
of muscle contractions, and the final desired position of the limb.



There is a pleasing simplicity to the orderliness of topographic maps; however, we are
just beginning to understand how the spatial organization of neuronal networks relates to their
function. Many questions remain. For instance, how can multiple maps of the body with different
frames of reference interact to produce coherent motor plans? How are non-spatial parameters of
movement encoded together with spatial information in motor commands? How pervasive is
topographic mapping as a scheme for organizing motor circuitry? How can topographic
information be transmitted through intervening elements such as interneurons, which are not
traditionally understood to have significant spatial or topographic organization? What is the
purpose of topographic organization? This chapter discusses recent work related to these
organizational principles and their integration within the spinal cord, as they pertain to the control

of movement.

Motorneurons: The musculotopic map

As all other motor-related circuitries with their particular organizational schemes must
signal to the motorneurons that control muscles, it is helpful to examine the arrangement of
motorneurons first. Romanes and others have used retrograde neuronal fills from the muscles or
nerves in the periphery and identified discrete clusters of motorneurons, called pools, devoted to
each muscle®®. These studies also identified the organizational principles of inter-pool
relationships. For instance, motor pools for hip flexor muscles are located more ventrally and
rostrally, while muscles of the ankle and foot are generally located more dorsally and caudally
(Figure 1.1A). Thus, an orderly spatial arrangement exists between motor pools within the spinal
cord and the muscles they innervate in the periphery — referred to as a musculotopic map.

A combinatorial transcription code that defines motorneuron pools for each muscle has
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Figure 1.1: Spatial and functional relationships in the spinal cord and cortex.

(A) Spinal motorneurons display a linear organizational scheme in which they form a direct
connection with their respective muscle target. This type of organization represents a low
dimensional topographic scheme in which motor pools are organized with respect to a
musculotopic frame of reference. Each color corresponds to muscle-specific motor pools and
its corresponding target muscle. (B) Within small regions of the motor cortex, many
parameters are compressed into a two dimensional physical space. Examples include
movement characteristics (green), muscle selection (pink), and types of evoked behavior
(blue) - a high-dimensional organization. (C) Sensory afferents transform body sensations into
neural cues. Proprioceptive fibers selectively form connections with motorneurons that
innervate shared muscle targets. However, proprioceptive fibers also form some connections
with motorneurons controlling synergistic muscles, representing divergent input onto multiple
targets. Primary afferents of sensory neurons can also converge onto shared targets. For
instance, individual proprioceptive neurons share common motorneuron targets. Additionally,
afferents from multiple modalities can share cellular targets (multimodality convergence) to
integrate information from the periphery. Thus, sensory fibers that project into the spinal cord
display an intermediate dimensional organization. (D) Examples of spinal interneurons with
topographic distributions: Upper Panel - Left: Contralaterally projecting descending
commissural (DC) interneurons that correlate with flexor (green) and extensor (blue)
motorneuron activation are somewhat segregated within the ventral spinal cord. Upper Panel -
Right: Reflex encoder interneurons located in the deep dorsal horn that transmit information
from the nociceptive withdrawal reflex are organized with a musculotopic frame of reference,
such that there is a medial to lateral arrangement of distal extensor (blue), distal flexor (green),
and proximal flexor (green). Lower panel - Left: Rabies injections into flexor and extensor
muscles labels pre-motor interneurons in the deep dorsal horn. Pre-flexor (blue) and pre-
extensor (red) ipsilaterally projecting interneurons overlap but display a lateral and medial
bias, respectively. Lower panel - Right: distal (red) and proximal (blue) pre-motor
interneurons are positioned in overlapping regions within the ipsilateral spinal cord. Pre-motor
interneurons contacting motor pools that control proximal muscles have a more significant
ventral distribution when compared to those controlling distal muscles.



been described, and it is thought that this code directs proper motor pool and muscle
connectivity’. Interestingly, Demireva et al have demonstrated that the positional identity of
motorneuronscan be uncoupled from their transcriptional identity'’. By removing p- and y-
catenin from motorneurons, they eliminated the stereotypical, pooled organization of
motorneurons. Instead, motorneurons for a given muscle were found scattered through the
motorneuron region of the spinal cord, but still found their appropriate muscular targets in the
periphery. This reveals that motorneuron cell body position is dependent on 3- and y- catenin
function, thereby establishing a critical role for these genes in creating the musculotopic motor-
map. In addition, it suggests that soma position is not a critical determinant for axon targeting of
muscles.

Overall, the relationship between motorneurons and the muscles of the body is a ‘low
dimensional’ musculotopic scheme (Text Box 1.1), defined by a single dominant parameter,
namely the control of a single target muscle by a single motor pool (Figure 1.1A). This
musculotopic system provides a simple substrate for relaying neural commands for movement,
but redirects the question to understanding how activity among motor pools is coordinated in

order to achieve complex behaviors.

Motor cortex: Space and Function
The first observations of topographic maps within the CNS were made using electrical

stimulation of the cortex'"'?

. These classic experiments revealed that the motor cortex of
mammals is organized as a ‘homonculus’ - a map of the body represented in the brain such that

contiguous parts of the body are controlled by neighboring cortical regions. In primates, the

primary motor area (M1) is roughly arranged with a lateral to medial progression of head, then



Forelimb
Hindlimb

A B

Figure 1.2: Motor cortex anatomy. (A) Rodent motor cortex is roughly segregated into rostral
and caudal subdivisions. Rostral motor cortex and the lateral portion of caudal motor cortex
contain cells that project to forelimb levels of the spinal cord (light blue). Caudal motor cortex
also contains cells that project to hindlimb levels of the spinal cord (dark blue). (B) Spatial
organization of primate motor cortical cells that control movement of muscle groups are located
in a medial to lateral progression of foot, leg, arm, hand and head (blue). Corticomotoneuronal
(CM) cells are organized in a medial to lateral progression of proximal (red) to distal (yellow)

muscle targets in a region corresponding to “new M1,” a subdivision of the “old M1” region
(blue).



hand, then arm, then leg, then foot (Figure 1.2B)"". In the rodent, there are two major motor sub-
divisions — a rostral forelimb area, and a caudal region that contains both forelimb and hindlimb

areas (Figure 1.2A)">"

. Despite the appealing simplicity of this organization, from the outset
Sherrington, Woolsey and others recognized that this somatotopic map exists only on a gross
scale, whereas in reality the representations of body regions are overlapping, non-continuous, and
flexible'”"®. Further refinements on the idea of a topographic map of the motor cortex are based
on observations that, within a cortical domain relating to one body region, many parameters are
represented including the target muscles, but also force, angle, velocity, the coordination with
other commonly associated muscles or parameters, and types of movement (Figure 1.1B)"" %

In contrast to the low-dimensional topographic arrangement of motorneurons, in which
the spatial grouping of neurons correlates very well with functional output, the fine scale
organization of motor cortex neurons does not have a simple relationship with either body space
or behaviors. Instead, the motor cortex is a ‘high-dimensional’ system (Text Box 1.1) embedded
within a coarse topographic spatial organization. Graziano and others have suggested that the
spatial layout of the motor cortex reflects the reduction of these many different dimensions or
parameters onto the two-dimensional physical space of the cortical sheet (Figure 1.1B)>.

Recent evidence suggests that one of the main organizing principles of the motor cortex
is the spatial separation of neuronal clusters that are active during complex behaviors rather than
a strict mapping relationship with the motor pools and muscles. Nevertheless, behaviorally-
relevant movements naturally involve muscles within the same part of the body leading to a
significant local clustering of neurons that control neighboring body regions. For instance,
topographic representations of the forelimb can be represented spatially in multiple, potentially
overlapping, regions that each relate to a type of movement, including: (1) stereotyped repetitive

behaviors such as grooming or running, (2) complex voluntary movements such as bringing the

hand to the mouth in feeding, or (3) fine motor manipulation skills such as independent finger



movements (Text Box 1.2). We summarize evidence from new studies that demonstrate cortical
spatial organization pertaining to these three different categories of movement.

Direct observation of neuronal activity in awake-behaving mice provides a novel and
powerful approach to identify where active neurons are located as different movements are
performed. To study ‘stereotypical’ movements (Text Box 1.2), Tank and colleagues analyzed
activity with a fluorescent calcium indicator in neurons of the caudal forelimb area of the motor
cortex during running and grooming, that both rely on many of the same muscles*. They
observed networks of layer 2/3 cortical neurons that became active during these movements, but
noted that the location of the sites of correlated-firing was different for each stereotypical
behavior. Therefore, layer 2/3 cortical neuron position appears to be linked to particular behaviors
that rely on complex patterns of muscle activation, rather than an organizational scheme that
creates a one-to-one map with the motor pools.

A similar functional organization seems to characterize the motor cortex networks that
direct isolated ‘voluntary’ movements (Text Box 1.2). Moore and colleagues first showed that
long duration electrical microstimulation of primate motor cortex resulted in behaviorally
relevant, also known as ethological, movements®. Interestingly, specific motor cortical regions
reliably produced particular behaviors. For example, stimulation of an area that represents the
arm and face can result in the animal bringing its hand towards its mouth in a grip posture and
opening its mouth. Stimulation of a more dorsal area produced hand movements towards the
trunk or hindlimb. This work was extended to the rodent by Tuszynski and colleagues, who
demonstrated distinct regions of rostral and caudal forelimb areas in the rat motor cortex that
directed reach, grasp, and retraction movements>’. Recent work using light-based activation of

motor cortex microdomains identified regions within the caudal motor cortex that direct
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Text Box 1.2: Movement Categories. The movements of animals can be categorized along a
spectrum from highly automatic to highly volitional, after Hughlings Jackson'".

Automatic:

This category includes movements related to reflexes, autonomic control, breathing, and
simple postural control. These behaviors can be highly stereotyped and repetitive, and do
not require voluntary control, although they can be modulated voluntarily. The neuronal
circuitries for these behaviors are generally hard-wired, evolutionarily ancient, and typically
reside in the brainstem and spinal cord.

Stereotypical:

Somewhat automatic behaviors often involve the entire body, or coordination between body
regions, and they are often repetitive. They include walking and grooming. These behaviors
are initiated and can be modulated by voluntary cortical and brainstem control, but the core
circuitry elements that mediate these behaviors often function autonomously within the
spinal cord. A classic example of these features is the central pattern generator that controls
locomotion.

Voluntary:

This category includes isolated, voluntary movements that involve multiple muscles, joints,
and even body regions. These are generally common and behaviorally relevant, or
ethological movements. For example, reaching out the forelimb, grasping an object, and
retracting the forelimb as used for eating. The programs for these actions can be represented
in spatially localized cortical and sub-cortical regions that are capable of activating the
entire behavioral-routine when stimulated.

Fine:

These motor acts are isolated and voluntary, like those of the category above, but they
involve a high degree of precision and individuated movements. This category is a relatively
recent evolutionary addition to the behavioral repertoire of animals. The most refined
example is the relatively independent finger movements that are a hallmark of human hand
use. This reflects primate-specific neural circuitries that mediate direct cortical control over
motor outputs and these command centers appear to originate from an evolutionarily-‘new’
region of the motor cortex.
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abduction or adduction of the forelimb, and confirmed this type of functional organization within
the motor cortex”.

Despite the evidence for a cortical map that segregates into neuronal clusters that elicit
complex behaviors, it still remains unclear to what extent the spatial organization of movement
types is based on the topographic arrangements of cortical neurons. One possibility is that local
clusters of topographically distributed neurons for a given body area are grouped into bigger
networks that represent compound movements of that body area. A potential substrate for this
type of network has been described by Capaday and colleagues, who suggest that
interconnectivity within the cortex promotes spreading waves of activation®’. They found that
focal activation of sites within the motor cortex produced expanding waves that cover broad
regions of neurons that were experimentally determined to control multiple muscles and joints.
However, during a complex behavior, many neurons in the motor cortex are recruited, and
distinct behaviors can involve intermingled and distributed networks of neurons. The resulting
movements cannot be predicted simply from a map of muscles activated by experimental
stimulation of the relevant active cortical regions. This highlights the complexity of coding
multiple movement parameters overlaying a topographic spatial system, and of communicating
these diverse parameters to the motor output cells of the spinal cord.

Our understanding of the relationship between function and topography has been
facilitated by the study of a primate-specific population of motor cortex cells that directly target
motorneurons. In most mammals, motorneurons are controlled through indirect pathways from
the cortex. However, in primates, cortico-motoneuronal (CM) cells are uniquely suited to control
highly precise, individuated movements®'*. These cells subserve ‘fine’ motor skills (Text Box
1.2), the most voluntary movements that represent another class of behavior that has a spatially

distinct control region, at least in primates.
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Using retrograde trans-synaptic circuit tracing with wild-type rabies virus, Strick and
colleagues were able to map the location of CM cells within the primate motor cortex that contact
motor pools for the shoulder, elbow, and finger muscles™. They observed that CM cells are
mostly segregated within a caudal region of the M1 motor cortex and possessed a medial-lateral
progression of shoulder to elbow to finger CM cell locations. However, a significant degree of
overlap was also noted between these CM populations. Their findings suggest there is an ‘old
M1’ and a ‘new M1’ that contain parallel topographic maps that exist within the primate motor
cortex (Figure 1.2B).

It is important to note that cortical organization must be framed with reference to sub-
cortical target organization. For instance, despite the high-dimensionality of the motor cortex
(Text Box 1.1), this information must eventually be reduced to the specific patterns of spatio-
temporal activation of muscle contractions. It is not known how this process occurs, but recent
evidence suggests that spinal cord interneurons actively translate transient cortical commands into
ongoing motorneuron activation programs during the movement. Specifically, electrical
recordings from motor cortex during a movement reveal that many neurons are active and
correlate with specific movement parameters, but then fail to perdure during the entire movement.
Similar recordings within the interneuron regions of the spinal cord identify many cells that
respond to these cortical commands but consistently code movement parameters for the duration

of the movement™.

Spinal sensory system: Mapping body space into motor commands

The sensory system functions in motor behaviors to detect the environment so that proper
movements can be selected to mediate reflexes, to inform the central nervous system about the
starting position of the body in preparing movements, and to provide ongoing feedback about

body position during movement. This system has varied somatotopic organization that translates
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body space into the spinal cord. There are three major sensory modalities, each mediated by a
subpopulation of sensory neurons in the dorsal root ganglion, where their cell bodies are spatially
intermingled; they are nociception (pain), mechanoreception (touch), and proprioception
(position). Importantly, within a modality, there is divergence of sensory signals to multiple
targets and convergence of sensory signals onto shared targets, thus blending spatially segregated
inputs (Figure 1.1C). In addition, some sensory target cells within the spinal cord receive inputs
from sensory neurons that mediate different modalities, thus compressing multiple types of
sensory information. Accordingly, the spinal sensory system can be understood as an
‘intermediate dimensional’ topographic organization of inputs (Text Box 1.1).

Specifically, primary afferent fibers of the nociceptive and mechanoreceptive systems are
mostly separated by modality and organized in parallel, as they enter the spinal cord and target
dorsal horn cells with a well-established topographic order based on the skin body map (Figure
1.1C)*>*. Proprioceptive afferents innervate muscles and joints and have two major target
regions in the spinal cord. These fibers enter the spinal cord from the dorsal edge and first target
interneurons in the deep dorsal horn. Some of these fibers then continue to the ventral horn to
synapse with motorneurons directly and with other classes of interneurons, such as 1a inhibitory

interneurons (Figure 1.1C)39'4'

. Proprioceptive fibers have a tight relationship with the
motorneurons of the muscles they sense, preferentially innervating “self” motor neurons, but also
forming some connections with motor neurons that supply functionally synergistic muscle
groups. This specificity is accomplished through the sensory-motor matching of neurotrophin-
induced gene expression signatures, including the Ets transcription factors and cadherin adhesion
molecules™ ™.

The simplicity of the mono-synaptic connection between proprioceptive sensory axons

and motorneurons has facilitated the study of the relationship between these two topographic

schemes. The mechanisms that direct assembly of muscle-specific sensory-motor connections
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have recently been investigated by work from Jessell and colleagues. Surmeli et al. examined the
role of motor neuron settling position in the formation of sensory-motor connections*. Motor

neuron-specific deletion of the FoxP1 transcriptional cofactor for Hox proteins (referred to as

MND MND

Foxpl1™ ™) strips motor pools of their specific molecular identites. In Foxp1 animals, motor
neurons effectively innervate muscle targets in the limb, and the initial trajectory of
proprioceptive fibers into the ventral horn occurs normally. However, careful analysis of sensory
to motorneuron contacts using fluorescent labels revealed that when motorneuron cell body
positioning is scrambled along the dorsal-ventral and medio-lateral axes in the Foxp1™" animals,
proprioceptive fibers lose the ability to discriminate between self and non-self motor neurons.
Instead, most proprioceptive fibers innervate motor neurons that are located in their “wild-type”
termination zone, without regard for muscle-specific motor neuron identity. Therefore, the
topographically organized terminations of the proprioceptive fibers within the ventral horn of the
spinal cord is independent from the deletion of FoxP1 causing motorneurons to change their

position and cell fate. These observations support the facilitation of proper connectivity as a

potential function of topographic organization.

Spinal Interneurons.: Integrators of motor plans

Spinal interneurons link most sensory and descending inputs to motorneuron outputs.
However, they do not passively transmit this information. Rather, they translate sensory and
cortical information onto the musculotopic topography of the motorneurons. A remaining
question in the field is to understand how spinal interneurons are organized to fulfill the role of
integrating various frames of reference of the skin, musculature, and mechanical function into
coordinated motor outputs.

One of the best studies of spatial organization of interneurons is in an important series of

reports by Schouenborg and colleagues on the nociceptive withdrawal reflex’***®. The response
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to a noxious stimulus on the skin is to activate the muscles that withdraw that body region. For
instance, a painful stimulus on the heel promotes ankle extension and knee and hip flexion. This
reflex is mediated by nociceptive sensory afferents that target interneurons in the superficial
dorsal horn, that relay to interneurons in the deep dorsal horn, that in turn control motorneurons.
Each of these sensory and interneuronal components has a stereotypic topographic organization
(Figure 1.1D). Specifically, the sensory fibers and interneurons are arranged in a medial to lateral
progression to control distal extensors, then distal flexors, and then more proximal flexors.
Interestingly, deprivation of the sensory cues during development perturbs this arrangement”,
suggesting neuronal activity-based mechanisms are required to establish these topographically
organized connections. Ginty and colleagues have recently demonstrated that mechanoreception
is also organized topographically in the superficial dorsal horn, in a pattern of longitudinal
columns that is similar to the distribution of nociceptive target domains™.

A few examples of defined locations for sub-classes of ventral interneurons have been
described. However, the relevance of these spatial distributions to topography or function has yet
to be determined. A rich literature has used markers and genetics to characterize a set of four
cardinal lineage-related classes of ventral interneurons identifiable using well-established
molecular markers: VO, V1, V2, and V3°". V1-derived Renshaw cells that mediate direct
feedback inhibition to motor actions surround motorneurons, and V1-derived 1a inhibitory
interneurons that are involved in proprioceptive reflexes are dorsal to motorneurons™*. VO-derived
VOc interneurons that modulate motorneuron excitability are located surrounding the central
canal®*°. And Hb9 interneurons are only found at rostral lumbar levels, in the segments with the
strongest central pattern generator drive’®”’.

Although the topographic frame of reference for molecularly-defined classes of spinal
interneurons is largely unknown, there are electrophysiological experiments that suggest a

function-based spatial order might exist for descending commissural-projecting interneurons (DC



16

neurons). Kiehn and colleagues found that activation of flexor motorneurons was correlated with
ventrally-located DC neurons, whereas extension correlated with activity in a dorsally-located
group of DC cells (Figure 1.1D)*.

The characterization of interneuron topography has also been greatly facilitated by
retrograde trans-neuronal labeling from the motorneurons of defined muscles. Techniques such as
trans-neuronal WGA-HRP labeling and trans-synaptic wild-type rabies transmission revealed

likely pre-motor interneuron distributions™ >

. Generally, spinal pre-motor interneurons are found
in the contralateral medial ventral horn, and in the ipsilateral spinal cord in the deep dorsal horn,
intermediate region, and ventral horn. Recently, Callaway and Young and colleagues developed a
genetically modified rabies virus that allows restricted retrograde mono-trans-synaptic spread of
the virus®. With this technique, analysis of defined pre-motor interneurons has confirmed
previously observed general distribution patterns. The comparisons of pre-motor interneuron
distributions from proximal and distal muscles and from flexor and extensor muscles have
revealed biases in the trends of interneuron locations (Figure 1.1D). Proximal muscles have pre-
motor interneuron distributions that are more likely to have a significant ipsilateral ventral horn
contribution, relative to more distal muscles that have a more intermediate region and dorsal horn
bias. Within the deep dorsal horn interneuron groups, pre-extensor interneurons are more likely to
be medial than pre-flexor interneurons. However, in contrast to individual motor pools that are
well segregated, the pre-motor populations for multiple muscles are highly intermingled.

Very recently, a significant study by Arber and colleagues examined whether different
motor pools have spatially distinct pre-motor components, using mono-synaptically restricted
rabies virus®. They analyzed the pre-motor interneuron populations for several muscles and
identified the medial extensor/lateral flexor bias in the dorsal horn interneurons. They also

demonstrated that pre-motor interneurons were in turn contacted by sensory afferents. This is

important because the ability to map multiple circuit elements simultaneously has yielded a much
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richer understanding of network integration of multiple topographic systems. Moreover, when
deprived of proprioceptive signals, the bias in pre-extensor and pre-flexor interneuron
distributions is eroded®. This suggests that proprioceptive information can be a cue for spatial
organization of interneurons, similar to the role for nociceptive/mechnoreceptive cues in refining

the nociceptive withdrawal reflex.

Discussion

Topography of neural circuits is clearly a major organizational strategy of the CNS, and
we have reviewed examples of topographic spatial organization within the spinal motorneurons,
motor cortex, spinal sensory system, and spinal interneurons. These networks function together
with the thalamus, basal ganglia, brainstem, cerebellum, and other brain regions to initiate and
coordinate movements. Although the spatial organization of most of these other regions is not
well characterized and not described in this review, there is evidence that motor circuits in the
brainstem and cerebellum display some topographic order that relates to specific muscles or
groups of muscles®.

We are just beginning to understand how multiple topographic networks interact to
produce coherent movements. On the one hand, it is a complicated problem to merge the high-
dimensional cortical system, the intermediate-dimensional sensory system, and the diverse and
poorly understood organizations of spinal interneurons. Each of these systems has its own frame
of reference and parameters that it can encode. How can these be reduced to the low-
dimensionality of motorneuron and muscle organization? On the other hand, the filtering and
integration of multiple inputs to produce coherent outputs is a hallmark of neuronal function, and
the principles that apply at the cellular scale may also be relevant to the way circuits process and

transform information.
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It is also important to ask what is the purpose of this complex spatial organization. Given
the vast array of neurons, fibers, and connections in the CNS, perhaps topographic principles
facilitate the embryonic and post-natal development of proper connectivity. Another possible
purpose for topographic organization is to preserve ‘wiring efficiency’. Neurons that are
commonly recruited together may be physically close to minimize the time and energy that must
be used for their communication®®®, In addition, in both the cortex and spinal cord, local
neuronal ensembles may be co-recruited by traveling waves of activity. Local clustering of
functionally- and topographically-related neurons provides a substrate for waves of activation to
bind their related targets together into a compound output™® "%,

Recent work in this field has continued to provide rich descriptions of the extent of
topographic organization in the spinal cord, and to provide a circuit-based framework for
integrating the organization of the cortical, sensory, and interneuronal systems with the
musculotopic motorneuronal system. Once we better understand the spatial and connectivity
principles that govern movement at the level of the spinal cord, it will become feasible and
critical to examine the role of this organization in producing coordinated behaviors. For instance,
can topographic maps be re-written and if so, what are the consequences for movement? Is the
alteration of topographic mapping the cellular substrate used by evolution to modify behaviors
across species? These types of questions will address the importance of these schemes for
function and may provide the basis for understanding motor plan integration when topographic

map organization is altered in training, injury, and disease.
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Identification of a cellular node for motor control pathways

Abstract

The rich behavioral repertoire of animals is encoded within the central nervous system as
a set of motorneuron activation patterns, also called ‘motor synergies’. However, the neurons that
orchestrate these motor programs as well as their cellular properties and connectivity are poorly
understood. Here we identify a population of molecularly defined motor synergy encoder (MSE)
neurons in the mouse spinal cord that may represent a central node in neural pathways for
voluntary and reflexive movement. This population receives direct inputs from the motor cortex
and sensory pathways and, in turn, has monosynaptic outputs to spinal motorneurons. Optical
stimulation of MSE neurons drove reliable patterns of activity in multiple motor groups, and we
found that the evoked motor patterns varied based on the rostrocaudal location of the stimulated
MSE. We speculate that these neurons comprise a cellular network for encoding coordinated

motor output programs.

Introduction

Common movements, such as reaching and grasping an object or stepping, involve
complex neural calculations to select the appropriate muscles and precisely control the timing of
their contractions to achieve the desired outcome. This motor coordination involves many regions
in the central nervous system (CNS), including the motor cortex, red nucleus, basal ganglia,
brainstem, cerebellum, peripheral sensory system and spinal neurons. These neural pathways
ultimately converge onto motorneuron pools that are each dedicated to controlling a single
muscle of the body. Given the number of muscles and possible joint positions of the body that

can vary at each moment, the efficiency and reliability of common movements are remarkable.
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To simplify the motor-control tasks of the CNS, neural plans for compound movements
that invoke multiple joints or body regions are thought to be fractionated into a series of
subroutines or ‘synergies’ that bind together useful combinations of motorneuron activation” .
These synergies may then be flexibly recruited into multiple types of movement, such as
voluntary and reflexive behaviors. It has long been recognized that voluntary movements and
those evoked by direct stimulation of the motor cortex have similarities with movements
activated by sensory reflexes”®"®. Because the cortex and peripheral nervous system have direct
connections into the spinal cord, we tested whether these inputs converge onto a shared spinal
motor circuitry for coordinating motor actions. We identified a spatially and molecularly defined
population of neurons in the deep dorsal horn of the spinal cord that are candidates to encode the
programs for motor synergies; this population comprises a network of neurons at the point of
intersection between the corticospinal and sensory pathways. Because activation of these neurons
is sufficient to elicit reliable and coordinated motorneuron activity, we designated these cells
“motor synergy encoder” (MSE) neurons. Functional studies of MSE neurons revealed an orderly
circuit organization, which we speculate helps to simplify the selection of the appropriate

programs that underlie complex motor actions for purposeful movements.

Results
A premotor neuron column in lamina V

Motor synergies that involve multiple hindlimb joints typically employ motor pools that
are present in different lumbar (L) segments. For example, the stance phase of locomotion
involves coextension by quadriceps motor pools in L2-3 and gastrocnemius motorneurons in L4—
5% To identify spinal neurons that may mediate coordination of motorneuron activity, we
searched for intersegmentally projecting neurons with strong direct connections to motorneurons.

We used a monosynaptic circuit—tracing strategy that limits the spread of trans-synaptic rabies
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virus to only first-order premotor neurons. This approach is based on co-infecting motorneurons
with genetically modified rabies virus (RabAG) and adeno-associated virus (AAV) encoding
glycoprotein (AAV:G)>™. Experiments were performed on mice between postnatal days 015
(PO-P15) because this time window provides the most efficient trans-synaptic labeling, with a
minimum of neuronal toxicity, and because the distribution of premotor neurons is similar
between pups and adults®"®'.

RabAG and AAV:G were co-injected into a range of muscles that control joint
movements of the hindlimb and forelimb. We studied the medial and lateral gastrocnemius
muscles (ankle extensors), the tibialis anterior (ankle flexor), the quadriceps (knee extensor), the
hamstrings (knee flexor), the wrist extensors, the wrist flexors, the triceps (elbow extensor) and
the biceps (elbow flexor). We observed a dense column of ipsilateral neurons in the deep dorsal
horn extending the length of the lumbar spinal cord for hindlimb muscles or the cervical spinal
cord for forelimb muscles (n = 89 spinal cords; Figure 2.1A-C, Figure 2.2A, Figure 2.3, and data
not shown). The cell bodies of this column were predominantly concentrated in medial lamina V,
but we also observed sparse cell labeling in lateral lamina V and medial laminae IV and VI
(Figure 2.1B-E, Figure 2.2A, and Figure 2.3. To determine whether the premotor neurons in
laminae IV-VI were a unique subset of cells or representative of typical neurons in this region of
the spinal cord, we examined their morphology in spinal cords with sparse premotor trans-
synaptic RabAG labeling to better identify individual cells. The laminae IV-VI premotor neurons
had large cell bodies (10-30 um) and dendritic morphologies typical of Golgi-labeled laminae
IV-VI neurons®’, which suggested that the premotor neurons were representative of the general
population of neurons in the deep dorsal horn rather than a unique morphological cell type
(Figure 2.2A, B).

Trans-synaptic labeling revealed the processes of these deep dorsal horn premotor cells to

be within a dense cluster centered in medial lamina V. Axons of these cells entered the
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Figure 2.1: Labeling of first-order spinal neurons targeting gastrocnemius
motorneurons. (A,B) Images of a RabDG:GFP-labeled spinal cord following injection into
the medial gastrocnemius (GS) muscle. (A) Lateral projection of an optically cleared lumbar
spinal cord, shows motorneurons (GS MN) in the ventral horn of L4 and L5 spinal segments.
Premotor cells and fibers can be seen in the dorsal funiculus (DF), laminae -1V, laminae V—
VI and laminae VII-IX. (B) Collapsed transverse view of the lumbar spinal cord in A, shows
ipsilateral (ipsi) and contralateral (contra) premotor cells. (C) Quantification of total
pregastrocnemius spinal neurons (all laminae) and of the subset of pregastrocnemius neurons
in medial laminae V—VI along the rostral-caudal axis of the lumbar spinal cord. Neuron counts
(IN#) were normalized to the maximum number of neurons in a single section for each spinal
cord to control for the variability in labeling. Means and s.d. are shown. Values are listed in
Figure 1.4. Location “0” indicates the section with the peak number of motorneurons, and is
usually in caudal L4. (D) Premotor cell distributions depicted on transverse spinal cord images
representing the spinal level with peak motorneurons (0 mm), at a level 1.5 mm rostral (mid-
lumbar) and at a level 3.5 mm rostral (upper lumbar/lower thoracic). Laminae were divided
into functional regions, and the percentage of total premotor cells at each level are shown for
each region, represented by the diameter of the colored circles. These regions are superficial
dorsal horn (laminae -1V, yellow), medial deep dorsal horn (medial laminae V-VI, green),
lateral deep dorsal horn (lateral laminae V-VI, gray), ventral horn (laminae VII-IX, blue) and
contralateral (gray).
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Figure 2.2: Characterization of cellular morphology of MSE column neurons. (A) Transverse
50 pm sections of a spinal cord labeled with RabAG from the gastrocnemius muscle, showing
gastrocnemius motorneurons and pre-gastrocnemius neurons from different rostral (top) to caudal
(bottom) levels. The lateral propriospinal white matter tracts and the cornu-commisuralis of Marie
(CCM) white matter in the dorsal funiculus are indicated. These white matter tracts are known to
contain axons of intersegmentally projecting propriospinal interneurons. MSE column neurons can
be seen projecting axons into both white matter tracts. (B) Examples of typical cellular
morphology of MSE column neurons.
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Figure 2.3: Medial deep dorsal horn premotor distribution for diverse muscles.
Distribution of spinal neurons pre-synaptic to the wrist extensor, tibialis anterior, hamstrings,
and quadriceps motorneurons, each shown at the level of peak motorneurons for that muscle,
together with immunolabeling of Tcfap2p (red) and Satb1/2 (white). Images are projected
confocal stacks. Scale bar is 250 um.
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Figure 2.4: Motorneuron responses to optical stimulation of medial deep dorsal horn
premotor neurons or of nonspecific ventral interneurons. (A,C) Experimental setups for
optical stimulation of transynaptic MSE neurons (A) or non-specific ventral interneuron (C).
Following transynaptic RabAG:ChR?2 labeling (A) or spinal injection of non-transynaptic
RabAG:ChR2 (C), focal blue light was used to optically excite spinal neurons in the deep
dorsal horn (A) or ventral horn (C). Electrical recordings were performed on the L5 ventral
root that contains gastrocnemius motorneuron axons (red) and the L2 ventral root that contains
ileo-psoas and quadriceps motorneuron axons (purple). (B,D) Ventral root recordings after
stimulation of L3 MSE neurons (B) and L3 non-specific ventral interneurons (D). Black ticks
indicate latency from the onset of light stimulation (blue box) to the first motorneuron action
potentials. Five consecutive traces are shown for each example. (E) Mean (£s.e.m.) fraction of
stimulus locations with reliable L2 and L5 ventral root activity analyzed in each spinal cord
(see methods). Reliable dual root responses were significantly enriched for MSE neuron
stimulations (72.7%) compared to nonspecific ventral neuron stimulations (8.3%), *P =
0.0034, two-sided t-test. Vertical scale bars, 20 uV.
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ventrolateral white matter and cornu-commissuralis of Marie in the dorsal funiculus (Figure 2.2),
which are known tracts for intersegmentally projecting axons*>*. Consistent with this
intersegmental axonal labeling pattern, we detected premotor neurons up to eight spinal cord
segments from their motorneuron targets (Figure 2.1A, C, D, and data not shown).

To quantify distributions of premotor neurons, we selected a single muscle, the ankle
extensor gastrocnemius, and analyzed its premotor circuitry by regional and laminar
distribution®. 52% of all rabies virus—labeled pregastrocnemius spinal neurons were located in
the medial deep dorsal horn (laminae V-VI), compared with 28% in the ipsilateral ventral horn
(laminae VII-IX), 7% in the contralateral spinal cord, 4% in the superficial dorsal horn (laminae
[-1V) and 3% in the lateral deep dorsal horn (laminae V—VI) (n = 4,594 cells in 20 spinal cords;
Figure 2.1B-D). The fraction of total premotor spinal neurons that were located in the medial
deep dorsal horn increased at progressively rostral levels, reaching over 90% in upper lumbar and
lower thoracic levels (Figure 2.1C, D, and Figure 2.2A).

These viral tracing studies revealed a column of premotor spinal neurons for a variety of
motor pools located in the medial area of the deep dorsal horn, consistent with previous studies
that identified premotor and putative premotor spinal neurons using a wide range of
techniques™”"*"*% Medial deep dorsal horn premotor neurons are notable because they
quantitatively represent the most prominent source of rabies virus-identified monosynaptic input
onto motorneurons, extend axons across multiple spinal cord segments and are in the deep dorsal
horn of the spinal cord, a region that is sufficient to drive motor synergies after electrical

. . 89
stimulation” .

Premotor lamina V neurons bind the activity of multiple motor pools

We hypothesized that rabies-labeled premotor neurons concentrated in medial lamina V
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were cellular candidates to mediate motor synergies for multijoint movements. To explore this
possibility, we tested whether direct activation of these neurons was sufficient to evoke reliable
and coordinated motorneuron activity in the functionally related motor groups of the L2 and L5
spinal segments. This provides a simple model of a motor synergy. We used monosynaptic
rabies-virus tracing to deliver the light-activated cation channel, channelrhodopsin 2
(RabAG:ChR2)” to pregastrocnemius neurons, exposed the medial surface of the spinal cord and
delivered focal, short-duration pulses of light to directly excite the pregastrocnemius medial deep
dorsal horn neurons (Figure 2.4A). To analyze motor activity, we performed electrical recordings
of the L5 ventral root, which includes gastrocnemius motorneuron axons, and the L2 ventral root,
which contains the motorneuron axons of the functionally related muscles: the quadriceps and
ileo-psoas hip flexors. Quadriceps activity is coordinated with gastrocnemius activity during the
stance phase of locomotion’ and the ileo-psoas has been reported to be activated with the

. . . . . 1-
gastrocnemius in specific cases of the pain-withdrawal reflex’'™

. We considered that optical
stimulation of gastrocnemius premotor neurons would drive only L5 electrical activity if these
neurons control only the gastrocnemius motor pool or would drive dual L2 and L5 activity if
these neurons control coordinated activity of motor groups for multiple joints.

We found that optical stimulation of medial deep dorsal horn pregastrocnemius neurons
evoked detectable motorneuron responses in both the L5 ventral root (10/10 spinal cords) and the
L2 ventral root (9/10 spinal cords; Figure 2.4B). We analyzed spinal cords that met our minimum
criteria for efficiency of labeling with rabies virus (see methods) by performing optical
stimulations in sets of ten trials over a range of stimulation locations from L1 to L6. Among this
set, we found that all stimulation locations produced some motor response, but 72.7 + 0.2%

(mean = s.d.) of premotor medial deep dorsal horn stimulation locations produced dual L2 and L5

motorneuron activity without any trial failures (n = 78 locations in four spinal cords, with ten
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trials at each location; Figure 2.4E). These data show that first-order premotor medial deep dorsal
horn neurons have reliable and functional outputs capable of activating multiple motor groups.

Taken together, these findings reveal a population of spinal neurons that have four key
features related to motor synergies. (i) These neurons represent a major source of the direct
synaptic input to motorneurons. (ii) They extend axons intersegmentally and therefore are well-
suited to bind spatially segregated but functionally related motor pools. (iii) These cells are
located in the deep dorsal horn, the region from which electrical stimulation of the spinal cord can
best evoke motor synergies® . (iv) Direct stimulation of these cells is a sufficient and reliable
means to activate multiple motor groups. Accordingly, we considered that these cells are

candidates to be motor synergy encoders, and we designated them MSE neurons.

Features of MSE neuron—evoked motor responses

We sought to determine the specific features of motorneuron activity evoked by
candidate MSE neurons by comparison with motor responses driven by other classes of spinal
neurons. To provide a control group of spinal interneurons with which to compare MSE cell
function, it was necessary to achieve comparable levels of ChR2 expression in a comparable
number of cells but in an unbiased set of spinal interneurons. We performed intraspinal injections
of replication-defective RabAG:ChR2 to infect spinal neurons at L4 or L5 as well as the
intersegmental neurons that project to these levels and take up the RabAG:ChR2 at their terminals
(n =17 spinal cords; Figure 2.4C). We performed these experiments without complementing
glycoprotein, to restrict RabAG:ChR2 expression to initially infected neurons following
intraspinal injection. We then performed optical excitation experiments over the ventral spinal
cord, to probe the effects of nonspecific ventral interneurons on L2 and L5 motor activity.
We found that optical stimulation of nonspecific ventral interneurons evoked some detectable

motor response from all stimulation locations, which is consistent with the known motor function
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of the ventral spinal cord (n = 54 locations in seven spinal cords; for example, Figure 2.4D).
However, only 8.3 + 1.4% of stimulation locations evoked reliable dual L2 and L5 motor
responses (mean and s.d.). This is in marked contrast with the 72.7% of MSE stimulation trials
(two-sided t-test; P = 0.0034; Figure 2.4E). Thus, although multiple classes of spinal neurons
contribute to motor control in behavior, direct optical excitation of a broad and unbiased set of
ventral spinal interneurons does not consistently evoke dual L2 and L5 motor group responses.

We next considered that the reliability of the dual motor responses may be explained by
individual MSE neurons that contact multiple motorneuron pools through monosynaptic
connections. To probe whether MSE neurons directly contact multiple motor pools, we performed
two-color RabAG-Cherry and RabAG-GFP labeling experiments to visualize cells in the premotor
circuitries of two muscles simultaneously. Although we observed doubly labeled (yellow)
premotor cells for pairs of muscles that are commonly co-recruited during behavior, their
infrequency suggests that they represent a minor portion of the paths by which MSE neurons
access motorneurons (13/389 premedial gastrocnemius neurons, n = 6 spinal cords; Figure 2.5).
The very low fraction that we observed may be an experimental underestimate owing to additive
inefficiencies of two RabAG viruses, but independent studies confirm that dual-labeled premotor
cells represent a small fraction of the total premotor population®®.

These labeling studies suggested that MSE neurons likely use indirect connections to
coordinately regulate multiple motor groups via polysynaptic pathways. This is supported by our
measurements of the relatively long latencies to the first motorneuron spikes after optical
stimulation of MSE neurons (for example, Figure 2.4B). This polysynaptic transmission could be
mediated by other neuron classes, but the relative unreliability of ventral interneuron-evoked dual
L2 and L5 responses (Figure 2.4D, E, and data not shown) suggests that this possibility is not
sufficient to explain the reliable MSE neuron—evoked responses that we observed (Figure 2.4B,

E, and data not shown). Alternatively, MSE neurons may contact multiple groups of
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motorneurons through an interconnected MSE neuron network that enhances the robustness and
reliability of motor responses, despite its polysynaptic path.

To determine whether candidate MSE neurons synaptically contact each other, we
analyzed spinal cords in which medial gastrocnemius MSE neurons were labeled with
RabAG:Cherry and lateral gastrocnemius MSE neurons were labeled with RabAG:GFP. In the
medial deep dorsal horn, we observed dense Cherry” processes and GFP" processes surrounding
MSE neurons labeled with both fluorescent proteins (Figure 2.6). We performed
immunofluorescence assays to identify excitatory (vGlut2") and inhibitory (Gad67" or GlyT2")
MSE GFP" synaptic terminals that overlapped with the Cherry " cell bodies (and vice versa). We
found examples of both excitatory and inhibitory MSE-to-MSE neuron connectivity (Figure 2.6),
which provides a potential pathway for MSE neurons to indirectly coordinate motorneuron
responses via other MSE neurons. Thus, MSE neurons likely target multiple motorneuron groups
through a combination of direct monosynaptic connections to multiple motorneuron pools and

indirect connections through a polysynaptic MSE neuron network.

A molecular description of MSE cells

Having studied the connectivity and functional features of MSE neurons, we next began
to characterize their cellular identity. To identify markers of the MSE cell population, we
systematically screened the Gensat expression database’ and cross-referenced these results with
the Allen Brain Institute expression database”. We identified three candidate genes that are
expressed in the medial deep dorsal horn at embryonic and postnatal stages, the transcription
factor Tfap2b (also known as Tcfap2 ) and the nuclear and chromatin organization factors Satb/
and Sath2°*"". Tcfap2p is expressed at late embryonic and early postnatal stages across lamina V
(with overlap into laminae IV and VI) and in a few scattered cells in the ventral horn (Figure

2.7A). We studied Satb1 and Satb2 together (Satb1/2), using an antibody that recognizes both
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M. Gastrocnemius M. Gastrocnemius
L. Gastrocnemius Quadriceps

Figure 2.5: MSE neurons target functionally related motor pools. Individual MSE neurons that
directly contact two motor pools were identified using RabAG:GFP that was injected into the
medial gastrocnemius and RabAG:Cherry was injected into the lateral gastrocnemius or quadriceps
at PO. Spinal cords were analyzed at P8. The locations (A-C) and high magnification views (D-F)
of individual cells that were directly pre-synaptic to the medial gastrocnemius muscle (green) and
either the lateral gastrocnemius (red) (A, D) or the quadriceps (red) (B, C, E, F) are shown, as
projected confocal images. Double pre-motor MSE are yellow. We found that 13/389 (n=6 cords)
pre-medial gastrocnemius neurons were yellow following lateral gastrocnemius or quadriceps
injections. We did not observe any yellow cells following injections of the antagonistic pair of
medial gastrocnemius and tibialis anterior (0/278), suggesting that yellow double premotor neurons
are specifically associated with functionally co-recruited muscles. Scale bars are 250 um in A-C
and 25 pm in D-F.
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Figure 2.6: Interconnectivity among MSE cells. Projected confocal images of sections from
P8 spinal cords with pre-medial gastrocnemius (medial GS-RabAG, green) and pre-lateral
gastrocnemius (lateral GS-RabAG, cyan) labeling. Excitatory (vGlut2, red) and inhibitory
(Gado65 or GlyT2, red) synaptic contacts between medial GS MSE and lateral GS MSE neurons
are highlighted with arrowheads. Middle and right panels are single optical sections.
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proteins. Satb1/2 were expressed at mid-late embryonic stages in a cluster of cells in medial
lamina V/VI (data not shown), and through postnatal stages in medial lamina V/VI and lamina III
(Figure 2.7B). Next, we examined whether Tcfap2f3 and Satb1/2 are expressed by MSE cells
using immunofluorescence analysis of spinal cords with RabAG-labeled MSE neurons. Tcfap23
was expressed in 23 + 12% and Satb1/2 were expressed in 13 = 11% of all pregastrocnemius
spinal neurons (mean and standard deviation, n = 4,594 cells in 20 spinal cords; Figure 2.7). This
is in comparison with other previously reported markers of premotor neurons that account for
2.1% (V0. ChAT"), 2.5% (dI3 Isl1"), 3% (V2 Lhx3") and 3.4% (Renshaw calbindin") of premotor
spinal neurons'”. In the medial deep dorsal horn, Tcfap2p antibody labeling identified 41 + 17%
and Satb1/2 labeling identified 20 = 13% of pregastrocnemius neurons (mean and standard
deviation, n = 2,402 cells in 20 spinal cords; Figure 2.71, L). A small percentage of cells were
positive for both Tcfap23 and Satb1/2 antibodies. We observed similar results in pre-tibialis
anterior, pre-hamstrings, pre-quadriceps and pre-wrist extensor studies (Figure 2.71-K and data
not shown).

We determined the neurotransmitter status of Tcfap2f” and Satb1/2" cells. We found that
the Tcfap2p " sub-population of MSE neurons comprises a minor excitatory subtype and a major
inhibitory subtype (Figure 2.7C-H). Among the Satb1/2" MSE neuron population, we found these
cells could be subdivided into distinct dorsal and ventral subgroups based on their gene
expression profiles. Most of the Satb1/2" neurons in the ventral region of medial lamina V-V1I
expressed the inhibitory marker Pax2, whereas most of the Satb1/2" neurons in the dorsal area of
medial lamina V—VI expressed the excitatory marker TIx3 (Figure 2.7C-H).

These data provide the first assignment of molecular markers to this population of
premotor cells, reveal that MSE neurons are a heterogeneous population and suggest that the

combination of medial deep dorsal horn cell location, together with Tcfap2f or Satb1/2
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Figure 2.7: Molecular markers Tcfap2p and Satb1/2 identify medial deep dorsal horn
premotor neurons. (A,B) Projected confocal stacks showing immunolabeling of Tcfap2f (A)
and Satb1/2 (B) in transverse sections of P8 lumbar spinal cord. (C) Neurotransmitter status of
Tcfap2p and Satb1/2 cells determined using in situ hybridization at P10 against vGlut2
(excitatory), Gad65 (inhibitory), and Gad67 (inhibitory), or with antibodies at P2 to identify
TIx3 (excitatory) and Pax2 (inhibitory). Mean percentages + s.d. are: 26 + 4% of Tcfap2f”
neurons expressed vGlut2 (n = 570 neurons in 5 P10 spinal cords), 67 + 6% of Tcfap2p" neurons
expressed Gad65 (n = 344 neurons in 4 P10 spinal cords) and 40 + 8% expressed Gad67 (n =
201 neurons in 3 P10 spinal cords). Among the Satb1/2" population, 22 £ 5% of all Satb1/2"
expressed Pax2 (n = 1,056 neurons in 4 P2 spinal cords), and 52 + 7% of all Satb1/2" expressed
TIx3 (n = 956 neurons in 4 P2 spinal cords). (D-F) In situ hybridization in P10 spinal cords
against excitatory vGlut2 (D), inhibitory Gad65 (E), and inhibitory Gad67 (F) in black, with
immunolabeling against Tcfap2p (green). (G-H) Immunolabeling in P2 spinal cords against
Satb1/2 (red), and inhibitory Pax2 (green) or excitatory Tlx3 (green). (I) Projected confocal
stacks showing immunolabeling and RabAG labeling in transverse sections of P8 lumbar spinal
cords. Distribution of gastrocnemius motorneurons and pregastrocnemius spinal neurons
(RabAG:GFP) at peak of motorneuron labeling, together with immunolabeling of Tcfap2f and
Satb1/2 (white) (J, K) High-magnification images of RabAG-labeled premotor spinal neurons in
the medial deep dorsal horn (green), positive for Tcfap2f (yellow, filled arrowheads) and
Satb1/2 (light blue, unfilled arrowheads), that are directly presynaptic to the gastrocnemius (J) or
wrist extensors (K). (L) Fraction of total pregastrocnemius neurons (top) and medial laminae V-
VI premotor spinal neurons (bottom) identified by Tcfap2p, Satb1/2 and other previously
described premotor spinal neuron classes'. Scale bars, 250 mm (A, B, G-H, I) and 25 mm (J,K).
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expression status can serve as a surrogate for identification of MSE neurons. Further studies will

be needed to probe the functions of MSE neuron subpopulations.

MSE neurons receive sensory and corticospinal inputs

It has been shown that motor synergies can be activated by different neural pathways,
including sensory reflexes and motor cortex stimulation”>""®, This creates specific expectations
for the types of inputs that MSE neurons should receive, namely, inputs from sensory pathways
and from pyramidal cells in the motor cortex.

Proprioceptive sensory inputs may modulate motor synergies, cooperate with them to
engage multiple motor pools or inform MSE cells about the position of the limb before initiation
of movement. It is known that primary proprioceptive afferents have dense terminations in the
medial deep dorsal horn®®”’, and we found that 98 + 2% of MSE cells were contacted by
proprioceptive parvalbumin® and vGlutl™ terminals or parvalbumin-synaptophysin-tdTomato"
terminals (n = 84 cells in three spinal cords; Figure 2.8A, D). We then analyzed a set of premotor
medial deep dorsal horn neurons that expressed Tcfap2f or Satb1/2 and found that 93.8% of these
cells received proprioceptive synaptic contacts that we validated by co-localization of a genetic
label of presynaptic terminals (parvalbumin-synaptophysin-tdTomato) and the post-synaptic
marker PSD95 (n = 30 cells in eight spinal cords; data not shown). The proprioceptive inputs onto
premotor, marker-positive, medial deep dorsal horn cells were numerous, with 36 + 7 contacts per
cell (n = 8 cells in three spinal cords), and we observed these over the cell body and processes (26
+ 16% on cell bodies and 74 £ 16% on processes; means and standard deviations; Figure 2.8D
and data not shown).

To determine whether motor cortex projections via the corticospinal tract may direct
motor commands using MSE neurons as intermediaries, we analyzed spinal cords at P14—15

100,101

when the corticospinal tract is relatively mature . We used a new genetic strategy
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Figure 2.8: MSE neurons receive sensory and corticospinal inputs. (A) RabAG labeling of
pregastrocnemius MSE (green) and genetic labeling of proprioceptive afferent synaptic terminals
(Parvalbumin: :synaptophysin-tdTomato (PV-Syn-Tomato), red). (B) RabAG labeling of pre-
tibialis anterior (TA), MSE (green) and genetic labeling of corticospinal terminations from the
caudal motor cortex, following focal unilateral injection of AAV:Cre into the caudal motor cortex
of cre-dependent synaptophysin-tdTomato (MCtx-Syn-Tomato, red) pups. (C) RabAG labeling of
MSE and immunolabeled capsaicin induced c-fos expression. (D,E) To stringently identify
synaptic inputs onto RabAG:GFP" (green) and Satb1/2" (white) MSE neurons from

Parvalbumin: :synaptophysin-tdTomato (D) or Emx1::synaptophysin-tdTomato (Ctx-Syn-Tomato)
(E) neurons, colocalized GFP" and Tomato " pixels were identified, pseudocolored yellow and
projected onto the GFP" neuron. As a result of this analysis, Syn-Tomato that was not colocalized
with the GFP" neuron is not shown. Insets show single optical slices and also depict the total Syn-
Tomato (blue) so that sites of synaptic contacts appear white. (F) High-magnification projected
confocal image of a RabAG-pre-TA(green)/Satb1/2"(blue) MSE neuron boxed in C activated by a
painful heel stimulus (c-fos, red), arrowhead. Scale bars, 250 um (A—C) and 10 um (D-F).
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(Emx1::synaptophysin-tdTomato) to identify total corticospinal presynaptic terminals. We found
that 93% of Tcfap2f™ or Satb1/2" MSE cells received corticospinal synaptic contacts (n = 14 cells
in seven spinal cords; Figure 2.8E). We found multiple synaptic contacts on each positive cell
(22.5 £ 18 contacts per cell; mean and standard deviation), with up to 65 contacts on a single cell.
We found these synapses on both the cell bodies and the processes of MSE cells (22.7% of
contacts on cell bodies and 77.3% of contacts on processes, n = 292 contacts on 13 cells in seven
spinal cords), and on dendritic spines (Figure 2.8E and data not shown). It has previously been
shown that the medial deep dorsal horn is the major target of the caudal motor cortex'*. To
determine specifically whether the caudal motor cortex has direct input onto candidate MSE cells,
we performed focal injections of AAV:Cre into the caudal motor cortex of lox-stop-lox-
synaptophysin-tdTomato mice and examined the spinal targets of labeled synapses. We observed
synaptic terminals of the caudal motor cortex in the deep dorsal horn, overlapping with the region
of MSE neurons (Figure 2.8B) and directly contacting MSE cells (n = 16 contacts on nine cells in
four spinal cords; data not shown).

We next characterized whether candidate MSE neurons are functionally recruited by
nociceptive pathways. Although most primary nociceptive fibers terminate in the superficial
dorsal horn, these neural signals are then relayed to the deep dorsal horn. Here they target
multimodal neurons, including pain-withdrawal ‘reflex encoder’ neurons that translate noxious
cutaneous signals into the appropriate single muscle reflex movements*’. We found that a painful
stimulus to the heel activated neurons in the superficial dorsal horn laminae I and II, and in the
deep dorsal horn, where these neurons overlapped with Satb1/2" cells (Figure 2.8C). In the deep
dorsal horn, 71 £ 14% of c-fos" activated neurons expressed Satb1/2 (n = 247 cells in 11 spinal
cords). In addition, we observed cells that were c-fos’, Satb1/2" and directly premotor (Figure
2.8F). Thus, MSE neurons are likely interposed in pain-withdrawal pathways and may encompass

previously described ‘reflex-encoder’ neurons, serving to bind together smaller reflex modules.
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Our findings demonstrate that putative MSE neurons receive inputs from sensory and
cortical pathways, which places these cells in the networks that command multiple types of motor
synergy—based movement. Thus, it is possible that MSE cells that receive both sensory and
cortical inputs may represent the underlying cellular network for controlling motor programs

common to reflex and voluntary motor behaviors.

Discussion

We provide a circuit-based, spatial, molecular and functional characterization of a
population of spinal neurons that are sufficient to trigger complex patterns of motor activity. We
found that these cells uniquely combine the key features to mediate motor synergy programs as
building blocks for both volitional and reflex motor behaviors (Figure 2.9). They are a major
source of monosynaptic input to motorneurons. They can cross multiple spinal segments to reach
target motorneurons, potentially linking spatially segregated but functionally related motorneuron
pools. They are located in the medial deep dorsal horn, the region from which motor synergies are
most efficiently evoked by electrical stimulation®”'*. They drive reliable patterns of action
potentials in multiple motorneuron pools in a reduced model of a motor synergy. They receive
direct inputs from neural sources known to recruit motor synergies, such as sensory pathways and
the corticospinal tract. Accordingly, we propose that these spinal neurons encode the
motorneuron activation patterns for motor synergies, and we designate them MSE neurons.

In addition to MSE neurons, multiple interneuron classes in the spinal cord have
important motor coordination function, particularly those ventral interneurons that make up the
‘central pattern generator’ (CPG) network that supports rhythmic locomotion and the embryonic
lineage—defined classes that make up this network”’. Direct activation of the CPG network
drives patterns of motorneuron activation, and in this respect, the ventral CPG interneurons and

MSE neurons are similar. However, we describe here that MSE neurons in the medial deep dorsal
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proprioceptive afferents

motor cortex

Figure 2.9: MSE cells are a central node in motor control networks. L2 (left) and L5 (right)
lumbar spinal cord segments are depicted with the L5 MSE network (orange). This population
receives direct corticospinal (purple) and proprioceptive information (red), and indirect inputs from
nociceptive sensory pathways (pink). Outputs include motor pools in multiple segments, such as
quadriceps (blue, Q) and gastrocnemius (green, GS).
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horn have the ability to coordinate motor activity and are major synaptic targets of the cortical
and sensory pathways that can recruit motor synergies. Having identified MSE neurons as a key
node in neural pathways for motor control, it is an important future direction to study the
relationship between MSE neurons and the ventral locomotor circuitry.

Previous anatomical and physiological experiments provide strong support for the medial
deep dorsal horn being an important site for motor control. This region is the major point of
intersection of several important circuitry elements: the densest region of corticospinal

fibers®>'*1%>1% and rubrospinal fibers'*"'"", substantial multimodal sensory input including

47,108,109 2,59,61,81,85-

‘reflex-encoder’ sensory relay neurons , and a major fraction of premotor neurons
% Functional experiments have demonstrated that spinal motor synergies are best evoked with
electrical stimulation of the spinal cord from deep dorsal horn locations, even in spinal cords in
which descending and sensory inputs have been removed®'*”. Our data provide a medial deep
dorsal horn cellular substrate for the neurons that control complex motor actions by forming a
columnar network in which descending and sensory inputs can converge, and selected motor
commands can be sent to multiple motor pools.

It has been noted that grasping of an object resembles the palmar grasp reflex and that the
swing phase of locomotion is related to the flexor withdrawal reflex. If the MSE neuron network
first arose in simple animals lacking a motor cortex, perhaps the earliest functions of this network
were related to mediating motor synergies of multijoint reflexes. The similarity of movements
activated by volitional and reflex pathways suggests that as the cortex evolved, the corticospinal
pathway may have coopted the existing MSE cell circuitry to likewise simplify the task of
controlling complex multijoint movements. In spinal cord injury, spinal neuronal networks are
effectively isolated from descending input, and volitional movement of the body is lost below the

injury level. If motor synergies are autonomously encoded in spinal MSE neuron networks,

perhaps in the same way evolution may have coopted this circuitry, it may be useful to target
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MSE cells for therapeutic intervention in order to facilitate purposeful movements in patients

with spinal cord injury.
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Satb2 controls spinal circuit assembly and sensorimotor reflex behavior

Abstract

Basic motor behaviors, such as walking or withdrawing the limb from a painful stimulus,
require integrative circuitry within the spinal cord that can translate diverse sensory cues into an
appropriate motor response. However, both the cellular components, and the molecular
mechanisms that instruct the assembly of these sensory-motor circuits, are poorly understood.
Here we describe a population of Satb2+ spinal interneurons that form a cellular node at the
intersection of sensory and motor circuitry within the spinal cord. Loss of the Sath2 gene perturbs
interneuron cell body position, molecular profile and proper integration into sensory-motor
circuitry. Further, specific loss of Satb2 in spinal interneurons alters the behavioral response of
mice to painful stimuli. These findings establish Satb2 as a critical regulator of developmental

events that link peripheral sensory encounters to motor action.

Introduction

The movements of animals are controlled by a highly integrative circuitry within the
spinal cord that not only translates volitional commands from higher brain centers into actions,
but also adapts movements to a variety of sensory cues that are being monitored in the periphery.
Sensory information continuously streams into the central nervous system as an animal moves
and includes detection of limb position, mechanical touch and in the case of environmental
threats, noxious pain. The ability to revise motor plans based on peripheral sensory information
helps to adapt motor actions and produce rapid responses to potentially harmful encounters.
Although there is an increasing understanding of the sensory neuron types that detect each
sensory modality, the cellular and molecular features of the sensory-motor circuit hub within the

spinal cord that integrates and processes multiple streams of information is not known.
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A critical example of a behavior that dynamically integrates proprioceptive (limb
position) and nociceptive (painful) sensations is the nociceptive withdrawal reflex (NWR), an
adaptive response that protects animals by triggering a rapid combination of muscle flexions to
retract the limb from painful stimuli such as heat or sharp objects. The NWR is mediated by
circuitry that is state dependent, controlling the selection of muscles and the order and timing of
contractions depending on where the limb is located at the moment of sensed pain ''*''®. Thus
responses to painful stimuli are protective and appropriate regardless of whether the animal is
resting or moving the limb through different positions in the stepping or reaching cycle. Sensory
pathways that relay information about limb position and pain share a target domain within the
spinal cord: the deep dorsal horn (Figure 3.1A). This region is the primary target region of
proprioceptive fibers, and it has long been recognized that cells in the deep dorsal spinal laminae
are recruited following a painful stimulus in the periphery, via first order neurons in the
superficial dorsal horn """, Recently, circuit tracing has revealed that a significant fraction of
neurons that are directly premotor are located in the medial deep dorsal horn *+'*°.

Physiology and tracing studies suggest that sensory-motor circuit components have a
topographic organization along the mediolateral axis of the spinal cord '*'. This organizing
feature of interneurons is mirrored by the orderly alignment of sensory afferent fibers arrayed
along the mediolateral axis of the dorsal horn according to body region representation **’.
Studies to map the relative position of spinal interneurons that mediate motor responses to painful
stimuli have found that NWR "reflex encoders" are organized along the mediolateral axis of the
spinal cord based on the body region for the painful stimulus *****. Similarly, mapping of
premotor interneurons for flexor and extensor muscle groups revealed a medial-extensor and
lateral-flexor bias in this same deep dorsal horn region of the spinal cord *. Together these

studies raise the possibility that sensory information converges on motor circuitry within the deep

dorsal horn (Figure 3.1A), which translates somatotopic and modality-specific sensory
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information into the musculotopic outputs observed at the level of the motor neuron. We focused
our studies on interneurons at the convergence point of sensory-motor commands to identify
molecularly-distinct cells that comprise subcomponents of this integrative motor network.

A subset of premotor cells in the deep dorsal horn can be identified by the expression of
the chromatin remodeling factor Satb2 '*’. Case studies of human mutations in the Sarb2 gene
have reported developmental delays in motor skill acquisition, coordination, and sensorimotor

122-124

behavior . Although Satb2 is known to regulate neural development in the cortex of mice

123126 "3 link between Sarb2 gene function and motor control is unknown.

Here we describe the connectivity patterns and developmental mechanisms that assemble Satb2+
interneurons into spinal circuitry, and test a role for the Sath2 gene in sensorimotor behavior. We
found that Satb2+ inhibitory neurons receive direct inputs from proprioceptive neurons and
indirect information from nociceptive cells, and therefore are well suited to integrate these two
types of sensory modalities. Cell bodies of Satb2+ interneurons are arrayed across the
mediolateral axis of the deep dorsal horn suggesting they monitor sensory information from a
variety of somatotopic positions. When the Satb2 gene is mutated we found that the cell position,
molecular profile, synaptic inputs and synaptic outputs were markedly altered. These changes
reconfigure the cellular components of sensory-motor circuits in the spinal cord deep dorsal horn.
Animals with targeted deletion of Satb2 within spinal interneurons display abnormal limb
responses to noxious stimuli. Our findings establish that the Satb2 gene is an essential regulator

of the instrinsic program that establishes a critical hub for sensory-motor processing within the

spinal cord.
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Results
Satb?2 is expressed in a restricted population of deep dorsal horn inhibitory neurons

To provide a comprehensive description of spinal neurons that selectively express Satb2,
we performed immunohistochemistry using a Satb2-specific antibody. In contrast to other
molecular markers that have been described in the deep dorsal horn '**'*”, Satb2 is expressed in a
very restricted population of spinal interneurons, beginning at embryonic day e12 and continuing
through the first postnatal week (Figure 3.1B, Figure 3.2). Satb2+ interneurons span the
mediolateral extent of laminae V (Figure 3.1B), corresponding to a region where cells that are
activated during the NWR have been described electrophysiologically *°. We also observed
transient expression of Satb2 in motor neurons of the medial and lateral motor columns, as early
as €10.5 and continuing in a subset of medial motor neurons into the first postnatal week (Figure
3.2). Satb2 expression is also detectable in the developing neocortex and specific regions of the
musculoskeletal system (data not shown). Therefore, Satb2 is expressed in numerous cell and
tissue types associated with motor function.
These findings are consistent with reports of Satb2 expression in the nervous system and other
tissues **'**'*’_ To extend previous studies and to determine whether Satb2 marks interneurons of
known lineage, we performed colocalization experiments with antibodies for dorsal interneuron
subtypes "'?’. Satb2 is expressed in the Lbx1+ lineage of dorsal interneurons *°, a marker that is
expressed broadly in the dorsal spinal cord including interneuron subtypes di4-6 and dIL4 and
dILg *""%B! Satb2+ interneurons also co-express the LIM homeodomain markers Lim1/2 *,
and a subset of Satb2+ interneurons coexpress Ptfla, a marker of dI4 and dIL lineages. However,
when we performed double labeling experiments with markers that subdivide these broad lineage
classes (Pax2, TIx3, Brn3a, Lmx1b, Bhlhb5, or Is11/2), we found that the Satb2+ interneuron
population did not express additional markers of dI4, dI5, dIL, or dI6 lineages (Figure 3.3A-P).

To gain genetic access to Satb2+ interneurons and define their circuit properties, we
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Figure 3.1: Expression of Satb2 in inhibitory neurons in the spinal cord deep dorsal horn
(A) Schematic illustrating the alignment of Satb2+ interneurons with the termination domains of
multiple motor control pathways. Left, Premotor neurons (blue), proprioceptive fiber termination
(red), and neurons that are recruited in the nociceptive withdrawal reflex (green) are located in the
deep dorsal horn of the spinal cord. The overlap between these pathways is shown in white. Right,
Location of Satb2+ interneurons aligns with the overlap in left panel. (B) Immunohistochemistry
using a Satb2-specific antibody (Satb2 Ab) reveals Satb2 expression in a subset of motor neurons
in the medial motor column (MMC) and a band of spinal interneurons at embryonic day 15.5. (C)
Schematic for generation of Satb2-Cre™ ™ mouse line. Targeted insertion of CreERTZ—WPRE—pA—
FRT-neo-FRT cassette into the ATG of the Satb2 locus. (D) Crossing Satb2-Cre™® "™ with the
reporter line Rosa-CAG-LSL-TdTomato (Satb2:TdTomato) recapitulates the pattern of expression
seen in B. Lumbar, e18.5. (E) Dorsal spinal cord following in situ hybridization for the inhibitory
neurotransmitter marker GlyT2 (black) in Satb2:Tomato animals (red). Double positive neurons
are indicated with arrows throughout the Satb2+ interneuron population. (F) Quantification of in
situ hybridization experiments in Figure 3.1E and Figure 3.3Q-S for neurotransmitter markers in
which composition of inhibitory (blue) and excitatory (red) of Satb2+ interneurons are shown.
Percentages correspond to mean values. Spinal cords were analyzed at P13 for in situ
hybridization. Scale bars in B, D and E, 100um.
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Figure 3.2: Timeline of Satb2 expression in the developing spinal cord

Immunohistochemistry using a Satb2-directed antibody at €10.5 (A), e12.5 (B), e15.5 (C), e15.5
(D), PO (E), and P7 (F). Expression of Satb2 was first identified in spinal interneurons at low
levels at e12.5, continuing until P7. Expression in motor neurons was first identified at e10.5 with
expression in the medial motor column (MMC). Satb2 was observed throughout the medial and
lateral motor columns (LMC) at e12.5, then continued in a subset of MMC motor neurons through
embryonic stages. After e15.5, Satb2 expression was rarely observed, but when present, was
observed in MMC motor neurons. Scale bars, 100um.
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Figure 3.3: Satb2+ interneurons represent novel class of inhibitory dorsal interneurons.
Co-labeling experiments for Satb2 and lineage markers for dorsal interneuron populations. High
and low magnification images are shown for each marker. (A, B) Satb2 antibody and
Lbx1:TdTomato, e15.5. (C, D) Satb2:TdTomato and Lim1/2 antibody, ¢13.5. (E, F) Satb2
antibody and Ptfla:TdTomato, e15.5. (G, H) Satb2 antibody and Lbx1:TdTomato, e15.5. (I, J)
Satb2 antibody and Pax2 antibody, ¢18.5. (K, L) Satb2 antibody and Bhlhb5 antibody, ¢18.5. (M,
N) Satb2 antibody and Isl1/2 antibody, e¢13.5. (O, P) Satb2 antibody and Lmx1b:TdTomato, ¢18.5.
(Q, R) Satb2 antibody and Brn3a antibody, ¢13.5. (S-U) Satb2 antibody and in situ hybridization
for Gado65 (S), Gad67 (T), and vGlut2 (U) at P13. Arrows indicate Satb2+ interneurons that co-
express lineage marker or in situ hybridization probes. Scale bars in A, C, E, G, I, K, M, O,
100um. Scale bars in B, D, F, H, J, N, P, 20um. Scale bars in in situ hybridization images, 100um.
See also Figure 3.9 for quantification in Satb2°™:TdTomato.
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devised a temporally inducible Cre labeling strategy. To generate a Satb2:Cre™"* knock-in mouse

ERT2 was inserted into the ATG of the Satb?2 locus, and ES clones were selected with

line, Cre
neomycin and screened using PCR and Southern strategies (Figure 3.1C, and data not shown).
Though Satb2 is downregulated during the first postnatal week, crossing our transgenic line with
the Cre-dependent reporter Rosa-CAG-LSL-TdTomato (Satb2:TdTomato) provides indelible

ERT2 with tamoxifen at e12

labeling of Satb2+ interneurons. Embryonic induction of Satb2:Cre
labels a restricted population of motor neurons in the medial motor column and spinal
interneurons (Figure 3.1D). Thus, TdTomato expression driven by our transgenic line accurately
recapitulates Satb2 protein expression (compare Figure 3.1B to 3.1D).

Genetic labeling of Satb2+ interneurons facilitated further descriptive analyses of this
population. To determine the neurotransmitter status of Satb2+ interneurons we performed double
labeling experiments in which we examined the overlap of TdTomato expression with in situ
hybridization probes for excitatory or inhibitory neurotransmitter markers. 3.8% of Satb2+
interneurons express the excitatory marker vGlut2, with the remainder of the population
expressing Gad65, Gad67, and/or GlyT2 (Figure 3.1E, F, Figure 3.3Q-S), indicating that Satb2+
interneurons are predominantly inhibitory.

Taken together, these experiments reveal that Satb2+ neurons represent a population of
inhibitory dorsal interneurons derived from the Lbx1+ lineage that does not align with previously

described classes of dorsal interneurons. Satb2+ interneurons are a spatially restricted population

located within the convergence domain of sensory and motor pathways in the spinal cord.

Satb2+ interneurons are located at the intersection of multiple sensory pathways
Tracing experiments have revealed that peripheral sensory commands converge on spinal

neurons in the deep dorsal horn of the spinal cord, providing the first point of intersection
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between the nociceptive and proprioceptive systems '*°. Primary fibers of proprioceptive sensory
neurons and second order neurons that are recruited during the hindlimb nociceptive withdrawal
reflex reside in overlapping domains within the deep dorsal horn. Although the site of
convergence for these two pathways aligns with Satb2+ interneuron position (Figure 3.1A), the
connectivity pattern of Satb2+ interneurons has not been described.

To test whether Satb2+ interneurons receive proprioceptive input, we used a genetic
labeling strategy (Parvalbumin-Cre x Rosa-CAG-LSL-Syp-TdTomato-deltaNeo; abbreviated
PV:Synaptophysin-TdTomato) in which the presynaptic terminals of proprioceptive fibers are
labeled with TdTomato fluorescent protein '*°. We identified proprioceptive contacts on the cell
bodies of Satb2+ interneurons (Figure 3.4A, B). We next used a second strategy to visualize the
full cell morphology of Satb2+ interneurons. Immunohistochemistry for parvalbumin and vGlutl
revealed proprioceptive contacts along the soma and processes of Satb2:TdTomato+ spinal
interneurons (data not shown). Although there were quantitative differences along the
mediolateral axis (see below), we found that all Satb2+ interneurons received contacts from
proprioceptive fibers.

Nociceptive sensory fibers predominantly target superficial spinal laminae, but relay
information through the deep dorsal horn via spinal interneurons. To explore whether Satb2+
interneurons relay nociceptive sensory information we injected formalin, a reactive chemical that
induces tissue damage and pain '**, into the footpads of Satb2:TdTomato animals and performed
immunohistochemistry for cfos to identify cells that are recruited in response to a painful
stimulus. Following formalin injection, cfos+ neurons were predominantly located in superficial
laminae ipsilateral to the injection site, as well as in the deep dorsal horn. At spinal levels of peak
cfos labeling, 37% of Satb2+ interneurons coexpress cfos in response to formalin injection into
the footpad (Figure 3.4C; 17 of 50 TdTomato+ cells), indicating that a significant fraction of

Satb2+ interneurons are active even in response to focal stimulation of nociceptive pathways.



54

Because all Satb2+ interneurons receive proprioceptive input (Figure 3.4B and data not shown),
cfos labeling experiments demonstrate that Satb2+ interneurons are a site of convergence of
multimodal sensory inputs. These findings establish Satb2+ interneurons as spinal circuit
components that integrate information from sensory pathways that relay limb position and those

that relay noxious stimuli.

Satb2+ interneuron diversity along the mediolateral axis

Sensory-motor circuit components have a functional organization along the mediolateral
axis of the spinal cord '*""'**. To test whether interneuron cell body location is a determinant of
the amount of proprioceptive input, we quantified the number of PV:Synaptophysin-TdTomato+
contacts on neurotrace+ cell bodies of Satb2+ interneurons, and mapped the number of contacts
per cell along the mediolateral axis. These experiments revealed an inverse relationship between
cell body distance from the midline and the amount of proprioceptive input: cells positioned
closer to the midline had a greater number of proprioceptive contacts, while lateral cells had
fewer contacts (Figure 3.4D). These findings indicate that mediolateral position of spinal neurons
is an organizational feature that dictates proprioceptive sensory connectivity.

Although interneurons are topographically organized along the mediolateral axis of the
deep dorsal horn, genetic markers that subdivide these groups have not been described. In the
cortex, Satb?2 participates in an antagonistic genetic interaction with another cortical gene Ctip2 to
subdivide cortical progenitors into functionally distinct pools'*>'*®. To test whether Satb2 and
Ctip2 also have mutually exclusive expression in the spinal cord, we performed
immunohistochemistry for both markers. Surprisingly, in the spinal cord Satb2 and Ctip2 are only
partially segregated; medial neurons are Satb2+/Ctip2+, while lateral neurons are Satb2-+/Ctip2-

(Figure 3.4E, F), a molecular organization that is detectable as early as e13.5 and is maintained
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Figure 3.4: Satb2+ interneurons receive diverse sensory inputs and display heterogeneity
along the mediolateral axis. (A, B) Proprioceptive fibers have a dense termination in the deep
dorsal horn. Presynaptic terminals of proprioceptive fibers (white) were identified by crossing
Parvalbumin-Cre to Rosa-LSL-Syp-TdTomato-deltaNeo (PV:Synaptophysin-TdTomato).
Proprioceptive contacts (white) were identified on neurotrace+ cell bodies (green) of Satb2+
interneurons (red), highlighted by arrows. White box in a refers to high magnification image in
B. P1 spinal cords in A, B. (C) C-fos immunoreactivity (green) was used to identify cells in the
spinal cord that are recruited following painful stimulation. Formalin was injected into the
footpad of adult Satb2:TdTomato animals. Yellow cells that are co-positive for Satb2+ (red) and
cfos (green) are indicated by arrows. n=4 spinal cords. (D) Mediolateral position of Satb2+
interneurons is a determinant of the number of contacts from proprioceptive fibers. Medial cells
positioned closer to the midline had a greater number of contacts and lateral cells had fewer
contacts. Quantified cells were binned by mediolateral position and the number of synaptic
contacts is represented as mean +/- SEM. n=34 cells in 3 spinal cords. (E, F) Ctip2 expression
subdivides Satb2+ interneurons along the mediolateral axis. Medial Satb2+ interneurons (red)
co-express Ctip2, as indicated by yellow labeling in E, F. €15.5 spinal cords used for E, F. Scale
bars in A, C, E, 100um. Scale bars in B, F, 20um.
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e13.5

Figure 3.5: Timeline of Satb2 and Ctip2 expression in the developing spinal cord. (A-D)
Immunohistochemistry for Satb2 and Ctip2 at €13.5 (A, B) and PO (C, D). Low magnification in
(A, C), high magnification in (B, D). Satb2 and Ctip2 are partially segregated beginning at early
developmental stages (e13.5) such that there is a medial Satb2+/Ctip2+ population and a lateral
Satb2+/Ctip2- population. This organization is maintained into postnatal stages (P0). See also
Figure 2E, F for el5.5. Scale bars in A, C, 100um. Scale bars in B, D, 20um.
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into postnatal stages (Figure 3.5). These experiments reveal that in addition to sensory
connectivity, molecular profile can be used to subdivide Satb2+ interneurons along the
mediolateral axis of the spinal cord. Importantly, our characterization of Satb2 and Ctip2
expression in the developing spinal cord is the first to identify molecular heterogeneity along the

mediolateral axis of the deep dorsal horn.

Satb2+ interneurons target ventral circuitry associated with motor function

To test whether Satb2+ interneurons may serve as a cellular substrate for transmitting
sensory cues to motor circuitry, we used an unbiased approach to identify synaptic targets of
Satb2+ interneurons. Satb2:Cre""* x Rosa-CAG-LSL-Syp-TdTomato-deltaNeo
(Satb2:Synaptophysin-TdTomato) labeling allowed us to visualize the overall distribution of
presynaptic terminals of Satb2+ interneurons, revealing a specific pattern of connectivity in the
ventral spinal cord. Synaptophysin:TdTomato+ terminals were located throughout the ventral
spinal cord, but enriched in a diagonal region covering lamina V-VII and IX (Figure 3.6A, left
panel).
We compared the location of Satb2:Synaptophysin-TdTomato labeling with the presynaptic
terminals of other dorsal interneuron classes. In contrast to the specific pattern of labeling in
ventral lamina that we observed in Satb2:Synaptophysin-TdTomato spinal cords, both Ptfla- and
Lmx1b- expressing interneurons broadly target dorsal spinal laminae in which their cell bodies
reside (Figure 3.7A, B). The location and distribution of synaptic terminals from Satb2+
interneurons suggests they are integrated into a feedforward network that receives diverse sensory
cues and transmits them to specific recipients in the ventral spinal cord..

Given the distribution of Satb2 presynaptic terminals in the ventral spinal cord, we

hypothesized that Satb2+ interneurons contact diverse cellular targets that occupy this region and
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Figure 3.6: Satb2+ interneurons target multiple components of ventral motor circuitry.

(A) Presynaptic terminals of Satb2+ interneurons (white) broadly target the ventral spinal cord,
overlapping with a region where components of ventral motor circuitry reside (right panel).
Distribution of presynaptic terminals of Satb2+ interneurons was identified by genetic labeling
(Satb2:Synaptophysin-TdTomato, left panel). V1 (blue), V2 (red) interneurons, motor neurons
(MN, green) and Satb2+ interneuron (white) position shown in schematic in right panel. Dotted
lines encompass the area of dense labeling of presynaptic terminals of Satb2+ interneurons and the
position of ventral neuron populations. (B-D) Satb2+ interneurons target cellular components of
ventral motor circuitry. High magnification images from the ventral spinal cord showing contacts
from presynaptic terminals of Satb2+ interneurons (white) on neurotrace+ cell bodies (green) of
(B) Chx10+ V2a interneurons (red), (C) Foxp2+ V1 interneurons (red), (D) motor neurons from
hindlimb muscles (red). (E, F) Satb2+ interneurons represent a fraction (<5%) of premotor neurons
in the deep dorsal horn. Monosynaptically restricted rabies labeling identifies premotor neurons
from tibialis anterior muscles (green) that co-express Satb2 (red). White box in E corresponds to
high magnification image shown in F. Arrows in F identify yellow cells that are positive for rabies
to identify premotor neurons (green) and Satb2 (red). P7 spinal cords used in A-F. See also Figure
3.7. Scale bars in A, E, 100um. Scale bars in B-D, F, 20um.



Figure 3.7: Distribution of presynaptic terminals in dorsal interneuron subtypes in
contrast to specificity of Satb2+ interneuron targeting of ventral motor circuitry. (A, B)
In contrast to the specific, ventral distribution of presynaptic terminals of Satb2+ interneurons (see
Figure 3A), Lmx1b- (A) and Ptfla-expressing (B) dorsal interneurons target dorsal laminae
broadly. We also noted glial expression of the fluorescent reporter in B. P29 spinal cords in A, B.
(C-E) Immunohistochemistry of Satb2:Syn-Tom spinal cords for Evx1 (C), Calbindin (D), and
Bhlhb5 (E). Presynaptic terminals of Satb2+ interneurons (white) were identified on cell bodies
(marked with neurotrace, green) of ventral interneurons (red), as indicated by arrows. Scale bars in
A, B, 100um. Scale bars in C-E, 20um.
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are known to control motor function (Figure 3.6A, right panel)™. To test whether Satb2+
interneurons target ventral cell types indiscriminately or with absolute specificity for synaptic
partners, we performed immunohistochemistry for transcription factor markers of ventral
interneuron populations. We identified Synaptophysin:TdTomato+ labeling on neurotrace+ cell
bodies of multiple ventral interneuron populations implicated in motor control. Chx10+ V2a
interneurons receive numerous contacts on their soma (Figure 3.6B). We also identified contacts
onto Foxp2+ V1 interneurons, Evx1+ VO interneurons, Calbindin+ ventral interneurons of mixed
identity, and Bhlhb5+ ventral interneurons of mixed identity (Figure 3.6C and Figure 3.7C-E).
Viral labeling of motor neurons for tibialis anterior (TA), gastrocnemius (GS), and hamstring (H)
muscles provided a complete visualization of motor neuron soma and processes (see Methods)
and revealed contacts from Satb2+ interneurons onto hindlimb motor pools (Figure 3.6D). We
next used an independent strategy to confirm synaptic contacts onto motor neurons in which
monosynaptic connections between spinal interneurons and motor neurons were identified by
rabies labeling **. These experiments confirmed that Satb2+ interneurons target motor neurons
in the ventral spinal cord, but revealed that Satb2+ interneurons represent a small fraction (<5%)
of premotor cells for hindlimb motor pools (Figure 3.6E, F).

These findings reveal that Satb2+ interneurons target a network of ventral interneurons
and motor neurons that are known to coordinate motor activity *’. Taken together, our data
suggests that Satb2+ interneurons are excellent candidates for converting diverse sensory cues

into meaningful motor outputs.
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Loss of Satb2 perturbs spinal interneuron position and molecular profile

Identification of Satb2 as a marker provides access to this population of cells, allowing us
to genetically manipulate a key circuit link in sensory-motor pathways, and probe the function of
both the gene and the neuron in circuit assembly and behavior.

Satb2 and its downstream targets are known to regulate cell fate specification and
migration of cortical neurons '*'*, developmental events that are critical for establishing a
functional neural circuit. We therefore sought to disrupt Satb2 gene function and probe the
requirement of the Satb2 gene in cell position and identity within the spinal cord.

Insertion of Cre™ " into the ATG of Sarb2 generates a null allele (Figure 3.8A, B),
providing the opportunity to track the lineage and circuit integration of Satb2 null interneurons in
Satb2“"“": TdTomato animals (Satb2°"":TdTomato). Consistent with previous reports using

Satb2 null animals, Satb2°*

animals have defects in mandibular development, and die several
hours after birth '**,

Satb2°"" interneurons are generated in normal numbers (Figure 3.9A, B, and data not
shown), however there are marked changes in cellular position along the mediolateral axis.
Satb2“VT: TdTomato (Satb2°™:TdTomato) interneurons are normally organized in a tight band
in the deep dorsal horn, spanning the mediolateral axis. In contrast, Satb2°"": TdTomato
interneurons were shifted to a lateral position, and were more loosely organized with cells
scattered dorsally (Figure 3.9A, B).

To measure the shift from medial to lateral deep dorsal horn, we analyzed cell body
position in Satb2°™ and Satb2°"" animals. Comparison of Satb2°™:TdTomato+ and
Satb2°"": TdTomato+ neurons revealed a significant shift in the mean cell body position along the
20N

mediolateral axis. The mean distance of Satb TdTomato+ neurons from the midline at lumbar

levels was 201.6 +/- 4.7um, while Satb2°"":TdTomato+ neurons were located 301.5+/-
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Figure 3.8: Strategy for eliminating Satb2 in the developing spinal cord and changes in
molecular profile. (A-C) Immunohistochemistry for Satb2 antibody in control (A), Satb2°* (B),
and Lbx 1Cre+/Satb2™™ (C) spinal cords. (D) In Satb2°"": TdTomato spinal cords, motor neurons
in the medial motor column (MMC) maintain the expression of Hb9. Arrowheads indicate
expression of Hb9 in TdTomato+ MMC motor neurons. MMC motor neurons also express
additional markers Lhx3, Isl1/2 and have a normal axon trajectory (data not shown). (E)
Immunohistochemistry for Hb9 antibody in Lbx1:TdTomato spinal cords, e¢14.5. Lbx1:TdTomato
labeling revealed a broad expression pattern inclusive of the dorsal spinal cord where Satb2+
interneurons reside. Lbx1:TdTomato expression was not detected in Hb9-expressing motor
neurons, the cortex, or limb and facial skeletal structures (data not shown), indicating that use of
Lbx1-Cre for behavioral testing is a genetic strategy that excludes other tissue types that normally
express Satb2. (F-G) Immunohistochemistry for Bhlhb5 in Satb2°™:TdTomato (F) or

Satb2°"F: TdTomato (G). In Satb2°"F: TdTomato spinal cords, TdTomato+ neurons along the dorsal
midline upregulate the expression of Bhlhb5 (arrows). (H-M) In situ hybridization for
neurotransmitter markers in Satb2°™:TdTomato (H,J,L) or Satb2°"F: TdTomato (I, K, M). See
Figure 3.9 and Table 3.1 for quantification for F-M. Scale bars, 100um.
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Figure 3.9: Alterations in cell body position and molecular profile in Satb2 null spinal cords.
(A-C) Cell body position is shifted to the lateral margin of the spinal cord in Satb2 null
interneurons. (A) Examination of Satb2°™:TdTomato control spinal cords reveals that Satb2+
interneurons (red) are positioned throughout the mediolateral extent of lamina V in the deep dorsal
horn. (B) Satb2 null interneurons (red) in Satb2°"": TdTomato animals reveals a lateral shift in cell
body position in response to loss of Satb2. Arrows in A,B represent the distance from the midline
to the medial edge of the TdTomato+ population. Arrowheads in B emphasize the position of a
subset of Satb2 null interneurons that are positioned along the ventral midline. NeuN, blue. (C)
Quantification of cell body position from A, B. Control (Satb2°™) and Satb2 null (Satb2°™") data
are presented as box and whisker plots indicating the median and middle 50% of the range of cell
body position. The middle 50% of cell body position encompassed a range of 156.6-249.8um for
Satb2°N interneurons and 257.4-342.0um for Satb2°"" interneurons. * indicates significant
difference in the median (p<0.05; Mann-Whitney). (D-J) Changes in molecular profile in
response to loss of Satb2. Comparison of control Satb2+ (Satb2°~:TdTomato) and Satb2 null
(Satb2°"":TdTomato) interneurons. (D, E) Pax2 expression (green) is upregulated in Satb2 null
(red in E) compared with control (red in D). Arrows in E highlight the presence of clusters of
yellow double labeled cells in Satb2°" interneurons. (F, G) Loss of Ctip2 expression (green) in
Satb2 null (red in G) neurons compared with control (red in F). Arrows in F highlight the presence
of yellow double labeled cells in control Satb2°N interneurons. (H, I) Colabeling of GAD65
(black) and TdTomato labeling is comparable in control (red in H) and Satb2 null (red in I). (J)
Quantification of colabeling of Tomato+ neurons in control Satb2”™ and Satb2°*" spinal cords.
Data is represented as mean +/- S.E.M. * indicates significant difference (p<0.05; Mann Whitney).
See also Figure 3.8, Table 3.1. Scale bars in A, B, D-G, 100um. Scale bars in H, I, 200um.
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Table 3.1: Changes in molecular profile in response to loss of Satb2. Quantification of co-
labeling experiments for various lineage and transcription factor markers in Satb2°™ and
Satb2°"" spinal cord. Satb2°™ and Satb2°"" columns report the percentage of TdTomato+
neurons colabeled with marker, and corresponding p-value. Significant changes in gene
expression are shown in bold for Ctip2, Bhlhb5, and Pax2. P-value < 0.05, Mann-Whitney.
See also Figure 3.8, 3.9J.

Satb2®™ Satb2°"* p-value
Ctip2 63.97 2.9 0.016
Bhlhb5 1.9 13.8 0.016
Lbx1 77.7 81.04 0.5714
Ptfla 25.4 34 0.1429
T1x3 4.105 0.655 0.3333
vGlut2 15.6 18.45 0.99
Gad65 55 40 0.2
Gad67 12.5 13.94 0.9428
GlyT2 44 41.25 0.8
Pax2 6.3 40.2 0.016
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4.4um from the midline (Figure 3.9C; p-value: <0.0001, Mann-Whitney). These experiments
reveal that loss of Satb2 drastically alters the final settling position of TdTomato+ interneurons
along the mediolateral axis such that they are positioned at the lateral margin of the spinal cord.
In addition to the main cluster of interneurons in the deep dorsal horn, we also observed a

scattered population along the ventral midline in Satb2°"*

spinal cords. This population may
represent a subset of neurons that were unable to exit the ventricular zone or that have an altered
migration pattern (Figure 3.9B, arrowheads).

Satb2 is a DNA-binding protein that is known to regulate the expression of a number of
genes during bone and cortical development. Loss of Satb2 leads to widespread gene

125,126,128

misregulation , and in the cortex this ultimately leads to a cell fate conversion of cortical

progenitors and alterations in migration pattern and projection identity '*>'*.

To test whether Satb2 regulates gene expression in the spinal cord and to compare the
molecular profile of Satb2°™:TdTomato+ and Satb2°"":TdTomato+ spinal neurons, we performed
double labeling experiments with immunohistochemistry or in situ hybridization.

Transcription factor markers for dorsal and ventral spinal interneuron populations were
evaluated with immunohistochemistry, revealing a number of gene expression changes (Figure
3.8F, G Figure, 3.9D-G, J, Table 3.1, and data not shown). Genes that are known regulators of
broad lineage classification, Ptfla and Lbx1, were unchanged in response to loss of Satb2. In
contrast, there were significant changes in the expression of Pax2 (Figure 3.9D, E, J; p-value:
0.016, Mann Whitney) and Bhlhb5 (Figure 3.8F, G, Figure 3.9J; p-value:0.016, Mann Whitney),
genes that regulate neuronal circuit assembly and inhibitory neurotransmitter identity,
respectively **'*°. In addition, Ctip2 expression is almost completely lost in the absence of Satb2

expression. (Figure 3.9F, G, J; p-value: 0.016, Mann Whitney). Interestingly, TdTomato+ spinal

neurons in Satb2°™" animals that express Bhlhb5 were located in a small number of cells near the
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ventral midline, whereas Ctip2 reduction and Pax2 upregulation in Satb2°™" animals was
observed predominantly in interneurons in the deep dorsal horn.

The changes we observed in the molecular profile of Satb2°"":TdTomato+ neurons
prompted us to test whether there are corresponding alterations in neurotransmitter identity, as
this would likely alter the function of these cells within a circuit. To test this we performed in situ
hybridization for neurotransmitter markers in Satb2°™ or Satb2°"" animals. Importantly, the ratio
of inhibitory/excitatory status of Satb2+ interneurons is unchanged in the absence of Sath2 gene
function (Figure 3.8H-M, Figure 3.9H-J, and Table 3.1).

Consistent with the role of Satb2 in the regulation of gene expression and migration in
the cortex, these results demonstrate that in response to loss of Satb2 gene function,

Satb2°"": TdTomato+ spinal neurons display an altered molecular profile and a dramatic shift in

cell body position.

Loss of Satb2 disrupts interneuron circuit integration

Cell body positioning within the spinal cord is an important regulator of synaptic
connectivity '**. In particular, Satb2+ interneuron cell body position along the mediolateral axis is
a determinant of proprioceptive sensory input (Figure 3.4). We therefore hypothesized that
changes in Satb2 expression and consequently, changes in cell body position and gene
expression, would alter spinal circuit assembly.
To identify changes in sensory input, we performed immunohistochemistry for parvalbumin and
vGlut1 to visualize synaptic contacts from proprioceptive fibers. In Satb2°N animals, a significant
majority of Satb2+ interneurons were located within the proprioceptive target domain. In
contrast, the percentage of TdTomato+ interneurons receiving proprioceptive input was greatly
reduced in response to loss of Satb2 (Figure 3.10A-E, p-value=0.0043). This effect was also

noted at cervical levels.
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Figure 3.10: Alterations in sensory connectivity in Satb2 null spinal cords. (A-E) Loss of
proprioceptive input in Satb2 null interneurons. (A, B) Wild type Satb2+ interneurons
(SathON) are located in the dense termination zone of proprioceptive afferents. Proprioceptive
contacts, identified by coexpression of parvalbumin (green) and vGlutl (white), were identified on
TdTomato+ neurons (red) in control Satb2°N (in A, B) or Sath2°"F (in C, D) spinal cords. (C, D)
Satb2 null interneurons (SathOFF) located at the lateral margin of the spinal cord are no longer
positioned in the proprioceptive targeting domain. (E) Significant loss of Satb2 null interneurons
(black) in the proprioceptive density, compared with control Satb2+ interneurons (grey). Number
of cells in the main density of proprioceptive fibers were quantified. At cervical levels, 72.6 +/-
2.5% of Satb2°™ interneurons were located in the proprioceptive density (n=4 spinal cords). 1.8 +/-
1.8% of Satb2°™ interneurons were located in the proprioceptive density (n=4 spinal cords). At
lumbar levels, 51.0 +/- 3.4% of Satb2°™ interneurons were located in the proprioceptive density
(n=5 spinal cords). 5.6 +/- 2.6% of Sath2°"F interneurons were located in the proprioceptive
density (n=6 spinal cords). Data is represented as mean +/- S.E.M. * indicates significant
difference (p<0.05; Mann Whitney). (F-I) Satb2 null interneurons occupy targeting domain of
CGRP+ nociceptors. F, G. Wild type Satb2+ interneurons (red) in Satb2°™ animals do not
overlap with the CGRP+ nociceptor (green) targeting domain. H, I. Satb2 null interneurons (red)
in Satb2°"* animals located in the lateral deep dorsal horn are positioned in an area overlapping
with CGRP+ nociceptors (green). White box in A, C, E, H corresponds to high magnification
image shown in B, D, G, I, respectively. J. Left panel, Satb2+ interneurons (red) in
Satb2°™:TdTomato animals are located in the dense termination zone of proprioceptive fibers, but
do not normally overlap with the fibers in lateral lamina V that originate from a subset of
nociceptors expressing CGRP+. Right panel, Satb2 null interneurons (red) in Satb2°": TdTomato
animals are shifted to a lateral position, losing their position in the proprioceptive targeting
domain. Instead, Satb2 null interneurons are overlapping with the termination zone of CGRP+
nociceptors. Scale bars in A, C, F, H, 100um. Scale bars in B, D, G, I, 20um.
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Interestingly, the trajectory and density of proprioceptive fibers in the spinal cord is
largely unchanged in response to loss of Satb2, and monosynaptic connections from
proprioceptive fibers onto motor neurons are normal in their overall distribution and
electrophysiological properties (Figure 3.10A, C, and data not shown).

To determine whether laterally shifted Satb2°""

interneurons receive a new pattern of
synaptic inputs, we examined primary afferents of a subset of peptidergic nociceptors expressing
CGRP that are known to target spinal neurons in lateral lamina V *°. To test whether Satb2+
interneurons are positioned in the target zone of peptidergic nociceptors, we performed
immunohistochemistry for CGRP. Under normal conditions Satb2°" interneurons are located
medial to the CGRP+ fiber density in the lateral deep dorsal horn (Figure 3.10F, G). The overall
projection of CGRP+ fibers was unchanged in Satb2°"" animals, however examination of lateral
Satb2°"": TdTomato+ interneurons revealed that the ectopic position of these cells overlaps with
the termination domain of CGRP+ fibers (Figure 3.10H, I), an alteration that may reflect ectopic
direct nociceptive connectivity.

In summary, these experiments reveal that in Satb2°""

:TdTomato+ spinal cords, sensory-
interneuron wiring is transformed such that TdTomato+ interneurons reposition to an overlapping
domain with CGRP+ peptidergic nociceptive fibers at the expense of proprioceptive connections

(Figure 3.10J). These findings suggest that although the pattern of proprioceptive and nociceptive

fibers is unchanged, the redistribution of spinal interneurons may lead to a new pattern of

synaptic inputs.

Loss of Satb2 disrupts synaptic targeting of the ventral motor network
Satb2+ interneurons normally link multimodal sensory input broadly to motor circuitry in

the ventral spinal cord (Figure 3.4, Figure 3.6). However, in response to loss of Satb2, we
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Figure 3.11: Loss of Satb2 reduces synaptic input to ventral motor circuitry.

A. Synaptic target domain of Satb2+ interneurons (red), identifiable by genetic labeling with
Satb2:Synaptophysin-TdTomato (Satb2:Syn-Tomato). Synaptophysin-TdTomato labeling
(white) was observed throughout lamina V-VII and IX in SathON:Syn—Tom animals. B. In Satb2
null spinal cords, Synaptophysin-TdTomato labeling (white) was instead restricted to lamina V
and dorsal lamina VI in SathOFF:Syn—Tom animals C. Quantification of fluorescent pixel
intensity for control (Satb2ON) and Satb2 null (SathOFF) animals reveals a significant shift in the
relative position of presynaptic terminals along the dorsal-ventral axis. Data is represented as
mean +/- S.E.M. * indicates significant difference (p<0.05; Student’s t-test). D. In control
animals (SathON), the presynaptic terminals of Satb2+ interneurons (red) are intermingled with
Chx10+ V2a interneurons (green), one of the known target populations of Satb2+ interneurons.
See also Figure 3B. E. In Satb2 null animals (SathOFF), the density of presynaptic terminals
(red) is instead shifted dorsal to the Chx10+ V2a interneurons (green). F. Schematic showing the
wild type distribution of presynaptic terminals of Satb2+ interneurons (left panel, dotted line)
overlapping with ventral interneurons (blue, red) and motor neurons (green). In contrast, the
density of presynaptic terminals of Satb2 null interneurons (right panel, dotted line) is shifted
dorsally to a position that no longer encompasses cellular components of ventral motor circuitry.
Scale bars in A, B, D, E, 100um.
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hypothesized that the drastic alteration in cell position would correspond with changes in synaptic
targeting of ventral motor circuitry.

To test whether postsynaptic connectivity is altered in response to loss of Satb2, we
compared the distribution of Satb2+ interneuron presynaptic terminals in Satb2°™:Synaptophysin-
TdTomato (Satb2”™:Syn-Tom) and Satb2°"":Synaptophysin-TdTomato (Satb2°"*:Syn-Tom)
animals. In Satb2°™:Syn-Tom animals, synaptic contacts were distributed broadly throughout the
ventral spinal cord (Figure 3.11A), overlapping with cellular components of the central pattern
generator (CPG) circuitry. In contrast, the overall distribution of presynaptic terminals was

OFF
2

shifted to a dorsal position in Satb spinal cords at the lateral margin of the spinal grey matter,

aligning to spinal lamina where Satb2°™

cell bodies are normally located (Figure 3.11A, B). To
map the redistribution of Satb2 connections onto the ventral spinal cord, we quantified this effect
by plotting fluorescent pixel intensity along the dorsoventral axis and generating an average
dorsoventral location of peak labeling (see methods). This analysis revealed that Synaptophysin-
TdTomato+ labeling in Satb2°"*:Syn-Tom animals is significantly shifted to a dorsal position
when compared to Satb2°™:Syn-Tom animals (Figure 3.11C; p=0.00073, Student’s t-test).

To determine whether this change in distribution of presynaptic terminals altered
connections onto postsynaptic targets, we compared Synaptophysin-TdTomato labeling to
Chx 10+ V2a interneurons that receive synaptic input from wild type Satb2+ interneurons. In
Satb2°™:Syn-Tom spinal cords, dense labeling was identified throughout the V2a domain.
However in Satb2°"":Syn-Tom spinal cords, fluorescent labeling was instead positioned dorsal to
the V2a population, indicating that Satb2 null interneurons no longer form synaptic connections
across their normal target zone within the ventral spinal cord (Figure 3.11D, E). These findings
reveal a significant loss of synaptic input to the ventral spinal cord, an area in which components

of locomotor circuitry reside (Figure 3.11F).
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Basic motor function is intact in response to loss of Satb2

We next considered how loss of synaptic input to the ventral spinal cord may alter motor
function. One possibility is that the intrinsic properties of CPG networks are altered such that they
can no longer generate a normal motor output. To test for changes in ventral interneuron and

motor neuron function, we performed fictive locomotion experiments in Satb2 null (Satb2"“*"*%)

+/lacZ 28

and control (Satb2 or Satb2"") animals '
Ventral root activity was normally coordinated in the absence in Satb2: comparison of
motor activity for left-right (left and right L2) and flexor-extensor pairs (ipsilateral L2 and L5)
revealed that CPG activity was normal in Satb2 null spinal cords. Satb2 null animals also
displayed normal cycle period length, cycle period variation, and burst duration (Figure 3.12 and

data not shown), parameters that are altered when ventral interneuron function is perturbed *>"*"

141.

These experiments reveal that although connectivity to the ventral spinal cord is altered
in Satb2 null animals, ventral motor networks remain intrinsically capable of producing a
functional motor output. These findings are consistent with the autonomy of CPG circuitry from
the dorsal spinal cord that has been reported in this experimental context '**, but reveal that Satb2
is not required for normal function of the CPG.

To test whether loss of Satb2 impacts the behaving animal, we specifically eliminated
Satb2 in spinal interneurons using a conditional allele. Lbx1-Cre was selected based on its
coexpression with Satb2 in the spinal cord, and its exclusion from other cell and tissues types that
express Satb2 (Figure 3.3A, B, Figure 3.8D, E, and data not shown). Use of Lbx1Cre+/Satb2 ™™
animals allows for behavioral analysis of motor and sensory function following specific excision
of the Sath2 gene in spinal interneurons.

x/flx

By crossing Satb2™™ animals with Lbx1-Cre, we observed a loss of Satb2 protein

flx/flx

expression within spinal interneurons (Figure 3.8C). Lbx1Cre'/Satb2 animals are
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Figure 3.12: Satb2 is not required for normal fictive locomotor activity. (A, B) Example traces
for left L2 (IL2), right L2 (rL.2), and right L5 (rL5) ventral root recordings in wild type (A) or
Satb2 null (B) spinal cords at €18.5. Neurochemically induced fictive locomotor activity in wild
type spinal cords is characterized by alternating rhythmic bursts of motor neuron activity between
contralateral L2 ventral roots and ipsilateral L2-L5 ventral roots. Neurochemical induction of
fictive locomotor activity in Satb2 null spinal cords evokes rhythmic alternating bursts of
motoneuron activity indistinguishable from wild type littermates. C. Quantification of phase
analysis from contralateral and ipsilateral ventral root pairs reveals that fictive locomotor activity
is normally coordinated in Satb2 null (red points) relative to wild type littermates (black points).
Points near 0.5 represent alternating activity. (D, E) Loss of Satb2 does not alter the cycle period
or regularity of fictive locomotor activity. Cycle period (D) of control (black) and Satb2 null (red)
recordings. Cycle period for individuals are shown as dots. Mean +/- SEM is reported for each
genotype. Cycle period variation (E) of control (black) and Satb2 null (red) recordings. Cycle
period variation (cycle period CV) for individuals is shown as dots. Mean +/- SEM is reported for
each genotype.
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Figure 3.13: Motor coordination is normal in the absence of Satb2 in spinal interneurons.
(A) Open field test measured the total distance traveled for Control and Lbx1Cre+/Satb2™™
animals. Mean +/- S.E.M is reported. Mann-Whitney test did not reach statistical significance
(N.S). (B) Grip Strength test measuring muscle strength in force (grams). Mean +/- S.E.M is
reported. Mann Whitney test to compare Control and Lbx1Cre+/Satb2™™ animals did not reach
statistical significance (N.S) at forelimb or hindlimb levels. (C) Rotarod test for overall motor
coordination. Mean +/- S.E.M is reﬂported. Mann Whitney test to compare latency to fall (seconds)
for control and Lbx1Cre+/Satb2™™ animals did not reach statistical significance for any of the 4
trials performed.
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indistinguishable from control littermates at birth, and at 8 and 20 weeks of age.
Lbx1Cre'/Satb2™™ animals are born in normal numbers and have a normal lifespan and body
weight (data not shown).

We performed behavioral tests that broadly examined motor function, including open

field to test baseline motor activity and grip strength to test muscle strength. Lbx1Cre'/Satb2™™

animals performed normally in each of these behavioral tests (Figure 3.13). Lbx1Cre"/Satb2™™
also performed normally on the rotarod test measuring general motor coordination. In spite of the

anatomical changes in proprioceptive transmission via Satb2+ interneurons, these findings

indicate that Satb2 is dispensable for the coordination of walking and running behaviors.

Conditional ablation of Satb2 in spinal interneurons results in altered sensorimotor behavior
To test whether changes we identified in cell position and connectivity impact
sensorimotor integration in behavior, we performed a series of tests to measure the motor
response to noxious stimuli.
The Von Frey test is used to measure the response to mechanical pain, and was performed to
analyze key components of the behavioral response: the threshold required to produce the
nociceptive withdrawal reflex, the dynamics of the withdrawal, and the replacement of the limb
following withdrawal. The threshold for producing the nociceptive withdrawal behavior

following Von Frey fiber stimulation was normal in Lbx1Cre'/Satb2™™

animals when compared
with control littermates (Figure 3.14A). However, we observed a maintained flexion posture in
Lbx1Cre"/Satb2™™ animals following Von Frey stimulation (Figure 3.14B; 11/13 animals in
Lbx1Cre'/Satb2™™: 2/11 animals in Cre- control littermates), indicating that in response to loss
of Satb2 there is an aberrant motor response to mechanical stimulation.

To test whether the maintained flexion posture occurs via multiple pain modalities, we

performed the Hargreaves thermal pain test. A high intensity light source was shined on the
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Figure 3.14: Loss of Satb2 in spinal interneurons perturbs the motor response to noxious
stimuli. (A) Threshold to induce mechanical pain response in the Von Frey test was
comparable between control and Lbx1Cre/ Sath2™™ animals. Data is represented as mean
threshold (grams of force) +/- S.E.M. N.S. indicates no significant difference (p>0.05; Mann
Whitney). (B) Lbx1Cre/ Satb2™™ animals display a prolonged withdrawal posture following
Von Frey mechanical pain stimulation. Data is represented as mean (number of animals
maintaining withdrawn posture) * indicates significant difference (p=0.003; Fischer’s exact
test). (C) Following the Hargreaves test for thermal pain, conditional loss of Satb2 in spinal
interneurons in Lbx 1Cre/Satb2™™ animals leads to an increase in the latency to withdrawal
compared to control (Lbx1Cre-) animals. Data is represented as mean latency (seconds) +/-
S.E.M. * indicates significant difference (p<0.05; Mann Whitney). (D, E) Representative
images of Control (D) and Lbx1Cre/ Satb2™™ (E) animals following withdrawal response to
Hargreaves thermal pain test. Following the withdrawal response, control animals replace the
limb to a resting position (arrow in D), while Lbx1Cre/ Sathb2™™ animals maintain the
withdrawn posture (arrow in E). (F) Lbx1Cre/Satb2™™ animals display a prolonged
withdrawal posture following Hargreaves stimulation, compared with control animals. Data is
represented as mean (number of animals that maintain withdrawn posture) * indicates
significant difference (p=0.01; Fischer’s exact test). (G) Summary diagram of cell body
position and circuitry changes that result from loss of Satb2. In control spinal cord, Satb2+
interneurons (red) are located at the intersection of proprioceptive (purple) and indirect
nociceptive (black) modalities, commands that are directed toward motor circuitry in the
ventral spinal cord (motor neurons, yellow; ventral interneurons, white). Following loss of
Satb2, interneurons are shifted to a lateral position, overlapping with the termination domain
of CGRP+ nociceptors (green). Synaptic input to the ventral spinal cord is significantly
reduced. In addition there is an altered behavioral response to noxious stimulation. Arrows
indicate cell body distance from the midline. Ovals indicate termination domains for
proprioceptive (purple) and CGRP+ nociceptive (green) modalities.
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footpad of test animals, eliciting an isolated, reproducible nociceptive withdrawal response of the
fOOt 143,144.

We observed a small but significant increase in hindlimb response latency in
Lbx1Cre"/Satb2™™ animals when compared with control littermates (Figure 3.14C).
Interestingly, Lbx1Cre"/Satb2™™ animals maintained a flexed posture following thermal pain
stimulation (Figure 3.14D-F; Videos 3.1 and 3.2; 6/6 animals in Lbx1Cre'/Satb2™™; 1/6 animals
in Cre- control littermates; p=0.015, Fischer’s exact test), indicating that the motor response to
both mechanical and thermal pain is perturbed following loss of Satb2 in spinal interneurons.

Taken together, these findings establish Sath?2 as a critical gene for sensory processing
within the spinal cord, and reveal that in the absence of Sath2 gene function in spinal
interneurons, there is a defective transformation of sensory cues into the appropriate motor

response.

Discussion

The mechanisms that are employed by the nervous system to integrate and translate
multiple streams of information into meaningful behavior are not well understood. Within the
spinal cord, commands from sensory pathways converge onto neurons in the deep dorsal horn, yet
the molecular mechanisms that assemble spinal circuit components into functional networks
remain elusive. Our studies demonstrate that Satb2 regulates the assembly of sensory-motor
connections that comprise integrative circuitry important for the coordination of reflex behaviors.
Loss of Satb2 leads to defects in cell body positioning, molecular profile, circuit integration and
in the execution of sensorimotor behavior. This study establishes the Satb2 gene as an essential
component of spinal circuitry that integrates commands from multiple sensory pathways and

regulates the behavioral response to noxious stimulation.
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Satb2 as a regulator of circuit assembly programs

We report an altered molecular profile in response to loss of the Satb2 gene (Figure 3.8,
3.9). Transcription factors such as Lbx1 and Ptfla that specify progenitor domains within dorsal
interneurons were unchanged in Satb2 null interneurons. We instead observed changes in the
expression of genes that regulate subsequent phases of neural development. For instance, Bhlhb5,
a gene that is involved in neuronal circuit assembly '**, is upregulated in a subset of Satb2 null
interneurons that are positioned along the ventral midline. Pax2 is a downstream target of Lbx1
and Ptfla, and is known to regulate glycinergic cell fate as well as the expression of
neuropeptides used for inhibitory neurotransmission '>"**"*>% " Although Satb2 null
interneurons retain their inhibitory neurotransmitter identity, Pax2 expression is significantly
upregulated, suggesting there may be changes in the specific composition of neurotransmitter and
peptide signaling employed by these neurons.

In contrast to the role of Satb2 as a strict repressor of Ctip2 that has been reported in the
cortex, we observe coexpression of these genes in a subset of Satb2+ spinal interneurons (Figure
3.4, 3.5). In response to loss of Satb2, Ctip2 expression is almost completely abolished. These
findings reveal two critical aspects of gene regulatory networks in the spinal cord. First, in wild
type spinal cords a subset of Satb2+ interneurons escapes the antagonistic gene interaction that
separates cortical Satb2 and Ctip2 expression. Second, the molecular profile of Satb2 and Ctip2
expression subdivides Satb2+ interneurons along the mediolateral axis, and loss of Satb2
abolishes this genetic heterogeneity. Given the established topopgraphical organization of cell
and fiber types in the deep dorsal horn, mediolateral segregation of Satb2+ interneurons may be a

determinant of connectivity and function.

Spatial organization of integrative nodes implicated in motor control

The spinal cord integrates and processes multiple motor commands that originate in
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peripheral sensory systems as well as descending pathways from brain centers. Despite the well
established topography of these diverse inputs, the circuit logic that links somatotopic and action-
based commands to muscle-based motor action has remained obscure .

Neurons in the superficial and deep dorsal horn have been described electrophysiologically and
are known to receive convergent sensory information from nociceptive, mechanoreceptive, and
proprioceptive modalities '*’. Yet the lack of molecular markers for sensory relay neurons has
precluded genetic manipulations to understand how populations that receive convergent input are
important in the behaving animal.

Our studies describe a population of inhibitory spinal neurons in lamina V that receives
multimodal sensory input and are incorporated into feedforward circuitry that distributes these
diverse cues to the ventral motor network. Perturbation of Satb2+ cells disrupts the dynamics of
the withdrawal response following noxious stimulation, leading to a maintained flexion response
of the hindlimb.

Recently, RORp neurons in lamina II/III of the dorsal horn were identified as critical
components of sensory-motor circuitry that mediate light touch and corrective motor behaviors.
These neurons integrate information from corticospinal and cerebellar descending pathways, as
well as mechanosensory neurons '**. Additionally, somatostatin+ neurons in lamina II were
identified as recipients of sensory input from multiple nociceptive fiber types, and are mediators
of mechanical pain transmission '*

These findings, together with our study, suggest that laminar location in the dorsal spinal
cord is a determinant of the assortment of convergent input from motor control pathways and
consequently, the behavioral context in which these cells are recruited. This integrative type of
sensory processing at the level of spinal interneurons may provide a mechanism for transforming

diverse cues into coherent commands for motor actions. Genetic isolation of spinal interneurons
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has broadened our understanding of the convergent organization of circuit components, an

arrangement that underlies the diverse behavioral repertoire of animals.

Cell body position and circuit miswiring

The wild type Satb2+ interneuron population spans the mediolateral axis and receives
multimodal sensory input, suggesting that they participate in behaviors that integrate
proprioceptive and nociceptive information. In response to loss of Satb2 function, cells reposition
to the lateral spinal cord and lose their wild type pattern of convergent synaptic inputs and
divergent synaptic outputs in the ventral spinal cord (Figure 3.14).

Monosynaptic connections to motor neurons have a well established role in controlling
motor output, though the function of polysynaptic connections via spinal interneurons in the deep
dorsal horn has not been described. Proprioceptive fibers have a major synaptic representation in
the deep dorsal horn of the spinal cord, and Satb2+ interneurons are direct recipients of these
connections (Figure 3.4). Surprisingly, although proprioceptive fibers have been disconnected
from a subset of their synaptic targets in response to loss of Satb2 expression, animals with spinal
interneuron-specific deletion of Satb2 had comparable performance in rotarod testing for overall
motor coordination (Figure 3.13). Instead, Satb2 expression in spinal interneurons is required for
an appropriate limb response following noxious stimulation.

Given the multimodal input onto Satb2+ interneurons, a defect in the integration of
proprioceptive and nociceptive information may manifest as an inability for the spinal cord to
instruct ongoing movement following pain stimulation. For instance, replacement of the hindlimb
following nociceptive withdrawal likely requires proprioceptive feedback that senses that the
injured limb is positioned in a flexed posture. This may account for the maintained withdrawal
posture we observed in Satb2 mutant animals in response to pain, and support the idea that

Satb2+ interneurons function as an integrative circuit hub that mediates the withdrawal behavior
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following both thermal- and mechanical- stimulation.

Satb2+ interneurons are predominantly inhibitory, suggesting that genetic perturbation of
the Satb2 population may result in loss of inhibitory control over excitatory commands from
sensory systems. Similarly, changes we observed in the synaptic outputs from Satb2 null
interneurons may lead to loss of inhibition onto ventral spinal circuitry. Although it is unclear
whether defects in the transmission of sensory commands onto or from inhibitory Satb2+
interneurons could account for the maintained flexion response following nociceptive stimulation,
these findings suggest that the transformation of sensory cues to motor output via Satb2+

interneurons is a critical pathway for mediating sensorimotor behavior.
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Chapter 1 Methods

Chapter 1 does not contain experimental data.

Chapter 2 Methods

Animals

The following strains of mice (male and female) were used: wild-type, Emx 1™ 9%/ y
(Jax 005628), Pvalb™ 4™ 7 (Jax 008069), GH(ROSA)26Sor™* 1 (CAC-SypidTomatoltize, yyay
012570), and a transgenic Hb9:B19G line that we generated. This last line was made using a
DNA fragment with the Hb9 promoter driving expression of the rabies B19G strain glycoprotein.
We found that transgenic expression of B19G was inadequate for transsynaptic rabies spread, so
this line was used in a limited number of experiments, and AAV:G was used together with this
line. All experiments were done in accordance with Institutional Animal Care and Use Committee
animal protocols and BSL2+ safety protocols, on animals housed in groups on a 12-h light-dark

cycle.

Virus preparation and injections

AAV2/6 containing a general promoter and the rabies B19G strain glycoprotein was
produced by Applied Viromics at a titer of 1 x 10'*-3 x 10"* genome copies/ml. Rabies virus was
produced as described'™’, with the following modifications. Rabies virus culture was performed in
2% serum at 35 °C with 3% CO, and two concentrating ultracentrifugation spins through sucrose
were performed instead of one. Rabies starter viruses that contained either GFP, mCherry or
ChR2 fused to mCherry (ChR2) were obtained from members of the Callaway 1ab™*. AAV:G

and rabies virus were mixed 4:1 immediately before injection. Injections were performed at PO or
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P7 by anesthetizing pups on ice, then performing single injections of 0.3—1.5 ul (depending on
the muscle) of virus into the muscle with a Hamilton syringe. Injections were performed through
the skin, except for quadriceps injections that were performed using a small incision above the
knee to reveal the muscle, and with a direct intramuscular injection. Small muscles (such as the
TA and wrist flexors and extensors) were injected with low volumes (0.3-0.75 ul) using a needle
with a small tip and a 30° bevel, whereas larger muscles were injected with 0.5-1.5 ul using a
needle with a larger tip. Intraspinal injections of RabAG:ChR2 were performed on P3 or P4 mice,
anesthetized on ice, following a small unilateral laminectomy, and using a fine glass needle and a
picospritzer to deliver 0.25 ml of virus into L4/L5. Animals were analyzed at P6—-P8. Cortical
injections of AAV2/1 containing CAG:Cre-iRES-EGFP (at a titer of 5 x 10" genome copies/ml)
were performed using a fine glass needle and a picospritzer to deliver 0.25 ml of virus 0.6 mm

lateral to bregma at a depth of 0.4-0.45 mm from the surface of the caudal motor cortex'*""",

Capsaicin treatment

P8 animals were given two small injections in the right heel of 0.1% capsaicin in ethanol,

and killed and perfused after a 1.5 h survival time.

Tissue processing, in situ hybridization, immunohistochemistry and cell quantification

Perfused spinal cords were isolated and immersion-fixed for an additional 1 h, washed in
PBS, washed in 30% sucrose and embedded in O.C.T. compound. Cryosections were cut at 30
mm for in situ hybridization and at 50 mm for immunohistochemistry. In situ probes (vGlut2,
Gado65 and Gad67) were provided by Q. Ma (Department of Neurobiology, Harvard Medical

School)'*®. The following primary antibodies were used: rabbit anti-parvalbumin (Swant PV25,
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1:1,000), rabbit anti-PSD95 (Invitrogen 51-6900, 1:500), guinea pig anti-vGlutl (Millipore
AB5905, 1:5,000), rabbit anti—c-fos (Santa Cruz sc-52, 1:2,000), rabbit anti-Pax2 (Invitrogen
716000, 1:1,000), rabbit anti-T1x3 (provided by C. Birchmeier, Max Delbruck Center for
Molecular Medicine), rabbit anti-Tcfap2f (Santa Cruz sc-8976, 1:500) and mouse anti-Satb1/2
(Abcam 51502, 1:500). In some cases, directly conjugated rabbit anti-Tcfap2b antibody was used,
prepared with Apex antibody labeling kit (Invitrogen). Images were taken on a confocal
microscope and are presented as z-projections unless otherwise noted. To count cells for location
and marker positivity, all spinal cords were included that had at least 15 neurons in at least one 50
mm section, a minimum criteria for sufficient efficiency of transsynaptic spread. High
magnification images of synaptic contacts were taken with a 60x SC objective (Olympus) and
spatially oversampled 3 twofold. To confirm synaptic contacts, double or triple co-localized pixels
were analyzed with the ImagelJ colocalization plugin. Only 8-bit pixel intensities 350 were
considered for analysis. All averages were calculated with a s.d. Whole-cord reconstructions of
transynaptic labeling were performed in ScaleA2 optically cleared intact spinal cords with a two-
photon microscope and a 20x objective (Olympus). Individual z-stacks covering ~500 mm x 500
mm were combined using the pairwise stitching plugin for ImageJ. Three-dimenstionally

rendered versions of confocal/two-photon z-stacks were generated with FluoRender.

Optical stimulation and electrophysiology

Animals were injected at PO with ChR2-mCherry rabies virus, together with AAV:G. At
P8, spinal cords were isolated in cold oxygenated dissection ACSF (128 mM NaCl; 4 mM KClI;
21 mM NaHCO3; 0.5 mM NaH,POg4; 3 mM MgSOy; 30 mM D-glucose; and 1 mM CaCly),
hemisected, and transferred to oxygenated room temperature recording ACSF (128 mM NaCl; 4

mM KCI; 21 mM NaHCOs3; 0.5 mM NaH,PO,4; 1 mM MgSO,; 30 mM D-glucose; and 2 mM
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CaCl,) with the medial surface of the cord facing up and examined for trans-synaptic labeling
(only cords with trans-synaptic labeling were analyzed). Suction electrodes were attached to the
L2 and L4 or L5 ventral roots, and cords were then allowed to recover and equilibrate to room
temperature for ~20 min. A 20x 1.0 numerical aperture (NA) objective was used to visualize cells
and to deliver light to small groups of 2—10 cells. 50-ms light pulses were generated by a 200-W
light source and high speed shutter controlled by TTL signals from pclamp software. Latencies to
motorneuron responses were measured from the onset of the stimulation, and the shutter opened
completely within 5 ms of the stimulation window. Motorneuron responses were recorded with a
multiclamp 700B amplifier and filtered at 300 Hz to 1 kHz. Stimulations proceeded from the
caudal end of the lumbar cord, at ~500-mm intervals to the lower thoracic cord, usually covering
~3 mm. In intracord-injected nonspecific interneuron experiments, stimulations were also
performed at three different dorsal-ventral locations, and the analysis presented here was
performed on the ventral stimulation sites. Data were analyzed offline with clampfit and igor pro
software. After recording, cords were immersion-fixed and sectioned to analyze the extent and
pattern of neuron labeling and the morphology of labeled cells. Extracellular recordings from the
MSE white matter were conducted with ~1-MW glass pipettes filled with ACSF placed in the
vicinity of directly visualized RabAG:ChR2-Cherry—labeled MSE axons in the cornu-
commisuralis of Marie. We found that optical stimulation first evoked local action potentials
within the cornu-commisuralis of Marie 11.7 = 0.8 ms after the onset of light exposure over MSE
and that the conduction velocity was 0.95 + 0.3 ms/mm, or ~2.9 ms between L2 and L5 spinal

segments (n = 4 spinal cords, Supplementary Fig. 10).

Statistical analysis

No statistical methods were used to predetermine sample sizes, but our sample sizes are
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similar to those generally used in the field. Data collection and analysis were not performed blind
to the conditions of the experiments. A normal q-q plot was used to test for normal distribution of
the ChR2-evoked motor response data. All cell and synaptic contact counts are presented as
means and s.d. Statistical analysis of reliability of dual L2/L5 responses: Reliable dual-root
response was defined as the percentage of locations in a given sample in which all trials produced
L2 and L5 responses. Sample means were compared between MSE and nonspecific groups with a

t-test.

Chapter 3 Methods
Animals

Satb2™™ (provided by R. Grosschedl, Max Planck Institute of Immunobiology and
Epigenetics), Satb2"*#**'?® [ bx1-Cre'"?, Lmx1b-Cre (provided by R. Johnson, University of
Texas), Ptfla-Cre '>, Parvalbumin-Cre (Jax Strain B6;129P2-Pvalb™! “*™/J Stock#008069),
Rosa-LSL-TdTomato (Jax Strain B6;129S6-Gt(ROSA)26Sor ™ CAG-dTematoltize y g0k #007905),
Rosa-CAG-LSL-Syp-tdTomato-deltaNeo (Jax Strain B6;129S-Gt(ROSA)26Sort™*!(¢A¢-
SypitdTomato)tize/y Qo ck #012570), Actb-FLPe (Jax Strain B6N.Cg-
Tg(ACTFLPe)9205Dym/CjDswl, Stock #019100)"**. All mouse work was conducted in
accordance with IACUC guidelines.

Generation of Satb2:Cre™*"

A Cre"™ " /WPRE/polyA/FRT-neo-FRT cassette was inserted into the ATG of the Satb2
locus. ES cells were electroporated and selected with neomycin. Positive clones were identified
using PCR and Southern blot analysis with internal probes for Cre. Embryos were genotyped

using primer sequences for Cre, as well as primers spanning the region upstream and downstream
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from the ATG. Founder animals were crossed with Actb-FLPe mice in order to excise the Neo
cassette from the targeted Satb2 genomic locus.

Tamoxifen was administered intraperitoneally. Stock tamoxifen (50mg/ml in 100%
ethanol) was diluted 1:10 in Sunflower Seed Oil from Helianthus Annuus (Sigma S5007). For
embryonic labeling, two doses (200-300ul of 1:10 dilution per dose) were administered to
pregnant females between €9 and e14. For postnatal labeling, two doses were administered to

neonatal pups between PO and P3 (10-40ul of 1:10 dilution per dose).

Tissue processing, immunohistochemistry, and in situ hybridization

Spinal cords were dissected in PBS and fixed in 4% PFA in PBS for 1-3 hours, washed in
PBS, then washed in 30% sucrose. Spinal cords were then embedded in OCT and cryosectioned
at 30um for immunohistochemistry and in situ hybridization, and 50um for quantification of
synaptic contacts.

The following primary antibodies were used: rabbit $-gal (Cappel; 1:5000), guinea pig
anti-Brn3a '>°, goat anti-Bhlhb5 (Santa Cruz Biotechnology, sc-6045, 1:300), rabbit anti-
Calbindin (Swant, CB38, 1:100), rabbit anti c-fos (Santa Cruz Biotechnology sc-52, 1:2000),
sheep anti-CGRP (Abcam ab22560, 1:1000), guinea pig anti-Chx10 °°, rat anti-Ctip2 (Abcam
ab18465, 1:1000), rabbit anti-Evx1 "7, goat anti-Foxp2 (Santa Cruz Biotechnology, sc-21069,
1:200), guinea pig anti-Hb9 '°°, rabbit anti-Is11/2 '**, rabbit anti-Satb2 (provided by T. Kohwi-
Shigematsu and Y. Kohwi, Lawrence Berkeley National Laboratory), rabbit anti-Lbx1 '*°, rabbit

anti-Lim1/2 '

, rabbit anti-parvalbumin (Swant PV25, 1:1000), rabbit anti-Pax2 (Invitrogen
716000, 1:1000), rabbit anti-RFP (MBL International, PM005, 1:2000), guinea pig anti-TIx3 '®’,
guinea pig anti-vGlutl (Millipore AB5905, 1:5000). For identification of cell bodies when

examining synaptic contacts, we used neurotrace staining (Invitrogen N-21483).



&9

In situ probes (GAD65, GAD67, and vGlut2) were provided by Q. Ma (Harvard Medical
School)'*®. To generate the in situ probe for GlyT2, the following PCR primer sequences were
used to amplify a 545bp fragment: Forward- GTAGTGTTGGGAACCGATGG; Reverse-
AGTCCAAGCGTGAGAAGCAT.

For double labeling experiments in which we examined Pax2 marker expression in
Satb2+ interneurons, directly conjugated Pax2 antibody was used (Apex Antibody Labeling Kit,
Invitrogen). For double labeling experiments in which we examined lineage marker expression in
the absence of Satb2 expression, we compared Satb2°"": TdTomato and Satb2°™:TdTomato spinal
cords for all experiments except those involving Ptfla. In this case, Ptfla-Cre was used in
combination with Rosa-CAG-LSL-TdTomato animals. These mice were crossed into a
Satb2"*#*Z hackground, and the number of cell colabeled with TdTomato and bGal were

2°"F and Satb2°N were performed at €18.5, unless specified

quantified. Comparisons between Satb
otherwise.

For double labeling experiments in which we identified co-labeling of TdTomato and in
situ hybridization probes, immunohistochemistry with anti-RFP primary antibody was performed
prior to in situ hybridization. After in situ hybridization, secondary antibody to detect RFP signal
was applied, and sections were imaged using bright field and fluorescence microscopy.

Unless otherwise noted, n=3-6 spinal cords for quantification of co-expression in double labeling

experiments.

Rabies Virus Preparation and Labeling

Rabies virus preparation was performed as described in Chapter 2 Methods with the
following modifications. Rabies starter viruses containing either mCherry or GFP were obtained
from the Callaway lab ***°. For visualization of premotor neurons in Figure 3.6E, F, rabies virus

(RabAG) and AAV:G were mixed 4:1 prior to injections. For visualization of motor neurons
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processes and soma in Figure 3.6D, rabies virus (RabAG) and PBS were mixed 4:1 prior to
injections.
Small volume injections (0.3-1.5ul) were performed in various hindlimb muscles at PO

using a Hamilton syringe. Spinal cords were analyzed at P7.

C-fos induction

Capsaicin (0.1% in Ethanol) or Formalin (5% formalin in PBS) was injected
subcutaneously into the plantar surface of the foot in adult animals (<8 weeks). Animals were
perfused after 90 minutes and spinal cords were taken for immunohistochemistry. Sections were
selected for analysis based on the peak labeling of c-fos in caudal lumbar levels of the spinal

cord.

Behavioral Testing

All behavioral testing was conducted according to procedures approved by the Salk
Institute IACUC. For all behavioral testing animals were habituated in the testing room for 1 hour
prior to the start of the test. Adult animals were used (<8 weeks of age; male and female) for all

behavioral analysis.

Open Field Test

The open field test was performed by observing animals in clear chambers (40.6 x 40.6 x
38.1cm) containing infrared beams to measure horizontal movement. The overall locomotor
activity was measured over a 60 minute time period. The distance traveled was analyzed and the

mean+/-SEM is reported. n=14 for control, n=12 for Lbx1Cre"/Satb2™™
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Rotarod

Animals were trained on a rotarod for 1 minute at 3rpm, then performed 4 trials in which
the rotarod was accelerating from 0-50rpm over 5 minutes. Trials were separated by 10 minutes.
The latency to fall was recorded for each individual for 4 trials, and the mean+/-SEM for each

trial is reported. n=17 for Lbx1Cre'/Satb2™™ n=20 for control (Cre-) littermates.

Hindlimb Grip Strength

A digital grip strength meter (San Diego Instruments) was used to measure force (grams)
of mouse forelimb and hindlimb grip response. For hindlimb measurements, animals were
positioned to avoid contact of the forelimbs with the meter and to maximize grip reflex of the
hindlimb. 5 trials were performed for each animal and the 3 maximum trials were averaged. n=11

for Lbx1Cre'/Satb2™™ n=11 for control (Cre-) littermates.

Hargreaves Thermal Pain Test

Animals were habituated in a plastic container on a glass surface. Thermal pain was
induced using a radiant heat beam (IITC). Intensity of the heat beam was adjusted so that the
withdrawal response occurred within a range of ~3-8 seconds. A maximum of 20 seconds was
applied to prevent tissue damage. 2 trials were performed on each hindlimb, and an average of
left and right hindlimb (4 trials total) was used for each individual. Latency measurements, n=9
for Lbx1Cre’/Satb2™"™, n=7 for control (Cre-) littermates. Examination of the withdrawal
response revealed the normal withdrawal behavior in which animals replaced the limb following
painful stimulation. Identification of the aberrant withdrawal behavior was assigned as a binary

response (maintained flexion or normal response).
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Von Frey

The threshold for mechanical pain was measured using Von Frey filaments (0.008-2.0g).
5 trials were performed on each hindlimb. Threshold was assigned based on whether the animal
responded greater than 50% of the time (3/5 trials or greater). The average of left and right
hindlimb was used for each individual. n=7 for Lbx1Cre/Satb2™"™ n=9 for control (Cre-)
littermates. Examination of the withdrawal response revealed the normal withdrawal behavior in
which animals replaced the limb following painful stimulation. Identification of the aberrant

withdrawal behavior was assigned as a binary response (maintained flexion or normal response).

Fictive Locomotion Experiments

Fictive locomotion experiments were performed as described previously'®' with the
following modifications. Lumbar spinal cords of e18.5 embryos were dissected in cold dissecting

ACSF (128 mM NaCl; 4 mM KCI; 21 mM NaHCOj3; 0.5 mM NaH»POy4; 3 mM MgSOy4; 30 mM
d-glucose; and 1 mM CacCly) oxygenated with 90% O,/ 5% CO,. Dissected spinal cords were

transferred to room tempereature oxygenated recording solution (128 mM NaCl; 4 mM KCl; 21

mM NaHCOj3; 0.5 mM NaH»yPOy4; 1 mM MgSOy4; 30 mM d-glucose; and 2 mM CaCly).

Locomotor activity was induced by bath application of 20uM serotonin (5-HT), 10um N-methyl-
D, L-aspartate (NMA). Motoneuron activity was recorded from the ventral roots with suction
electrodes, amplified 1000x and filtered from 100Hz-3kHz The activity of left and right L2
ventral roots were recorded for contralateral phase comparisons, and ipsilateral L2 and L5 ventral
roots for ipsilateral flexor extensor phase comparisons. Analysis of fictive locomotor activity
phase and cycle period was conducted offline with custom written scripts in R. Satb2 null

(Satb2"#"%) and control littermates were used. n=7 for Satb2 null, n=4 for control.
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Pixel Intensity Quantification

Spinal cords from Satb2°™:Syn-Tom and Satb2°™"

:Syn-Tom animals were sectioned and
immunohistochemistry for RFP was performed simultaneously. Pixel intensities were mapped
along the dorso-ventral axis using the plot profile function of ImagelJ software to correspond pixel
intensity to distance along the dorsoventral axis. Hemicords were used for region of interest
(ROI) for plot profiles. The dorsoventral distance of the spinal cord was normalized to the

average of the population in order to correct for variability of section size. n=5 for Satb2°"" n=6

for Satb2°N.

Identification of synaptic contacts and quantification of proprioceptive input

Individual synaptic contacts were identified based on colocalization between TdTomato+
presynaptic terminals and neurotrace+ cell bodies by examining images of high magnification
single focal planes.

To visualize proprioceptive contacts, spinal cords from Parvalbumin:Syn-Tom animals
were sectioned and immunohistochemistry for Satb2 and neurotrace was performed. Thick
(50um) sections were imaged at high resolution. Cells for quantification of proprioceptive input
were selected based on whether the entire cell body was captured in the image stack. Individual
synaptic contacts were identified based on colocalization between presynaptic terminals and
neurotrace+ cell bodies of Satb2+ interneurons by examining serial image slices. The number of
synaptic contacts were then binned and correlated to mediolateral position. n=34 cells in three
spinal cords. In some cases, parvalbumin and vGlutl colocalization was used to identify

proprioceptive contacts on cell soma and processes of Satb2:TdTomato interneurons.
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