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The purpose of this volume is to provide an overview of current developments in 
motoneuron function, organization, and susceptibility to disease. Despite being one 
of the most thoroughly examined neurons in neuroscience, their recent study has 
yielded new and unexpected discoveries that have provided the impetus for this 
book. The volume has been written in a didactic style that should be useful to stu-
dents as well as medical and scientific professionals who are interested in the latest 
discoveries about these remarkable cells.

The book is organized into three parts. The first deals with the molecular and 
physiological development of motoneurons. This is a particularly challenging prob-
lem because motoneurons are a remarkably diverse neuronal class. Not only are 
they specialized to innervate every skeletal muscle in the body, but within an indi-
vidual muscle at least three distinct classes of motoneuron can be distinguished 
according to the properties of the muscle fibers they innervate. Furthermore, moto-
neurons can innervate exclusively the extrafusal muscle fibers that comprise the 
bulk of the muscle (α-motoneurons), both the extrafusal fibers and the intrafusal 
fibers that are a component of sensory muscle spindles (β-motoneurons), and a 
group that innervates exclusively intrafusal muscle fibers (γ-motoneurons). Despite 
this enormous complexity, substantial progress is being made understanding the 
gene networks regulating motoneuron differentiation, pathfinding, and central con-
nectivity as discussed in chapter “Establishing the Molecular and Functional 
Diversity of Spinal Motoneurons”. This chapter argues that studies of motoneuron 
development have pioneered our understanding of the differentiation and develop-
ment of other neuronal types and describes how the expression of Hox genes in both 
motoneurons and spinal interneurons might underlie the complexity and specificity 
of their synaptic interactions.

A unique aspect of neural development is the depolarizing nature of the inhibi-
tory neurotransmitters, because of elevated neuronal intracellular chloride. This 
renders developing networks hyperexcitable and is crucial in the generation of 
spontaneous neural activity that is essential for many aspects of developing net-
works. Chapter “Chloride Homeostasis in Developing Motoneurons” summarizes 
the role of cation-chloride co-transporters in regulating intracellular chloride and 
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the significance of chloride homeostasis in the development and pathophysiology of 
motoneurons, and details the changes in the function and distribution of these co-
transporters during the switch of GABA- and glycinergic neurotransmission from 
functionally excitatory to inhibitory. Chapter “Normal Development and Pathology 
of Motoneurons: Anatomy, Electrophysiological Properties, Firing Patterns and 
Circuit Connectivity” describes the development of the electrophysiological and 
anatomical properties of motoneurons and how these are expressed in the context of 
the neural circuits in which motoneurons are embedded. This latter point is particu-
larly important for motoneuron disease where early abnormalities of spinal inter-
neurons and proprioceptive afferents are critical determinants of motoneuron 
pathology. Chapter “Homeostatic Regulation of Motoneuron Properties in 
Development” describes the critical role homeostatic processes play in maintaining 
patterns of developing motoneuron activity in response to external perturbations 
and to the natural changes in connectivity and size that motoneurons experience as 
they mature.

The next part of the book focuses on the connectivity and function of mature 
motoneurons. Chapter “Homeostatic Plasticity of the Mammalian Neuromuscular 
Junction” starts with a discussion of homeostatic plasticity at the neuromuscular 
junction. The experimental benefits of studying this process at this comparatively 
simple synapse are discussed and the various triggers initiating the plastic changes 
are described. These properties are likely to be crucially engaged in neuromuscular 
disease and may ameliorate and compensate the concomitant loss of motoneuron 
function. The next chapter (chapter “Diversity of Mammalian Motoneurons and 
Motor Units”) describes in detail the various classes of motoneuron that innervate a 
single muscle, including α, β, and γ-motoneurons, each of which can be further 
divided into multiple subclasses based on their properties. Particular consideration 
is given to the different classes of α-motoneuron that are specialized to innervate the 
different types of skeletal muscle fiber. We then examine the synaptic connections 
of motoneurons within the spinal cord. Until recently, it was assumed that in mam-
mals, motoneurons only innervated inhibitory Renshaw cells intraspinally. However, 
the new work described in chapter “Synaptic Projections of Motoneurons Within 
the Spinal Cord” has revealed that motoneurons form powerful chemical synapses 
with each other and with several different types of excitatory interneuron. These 
findings are among those that have led to a reconsideration of the role motoneurons 
play in the genesis of motor behaviors.

For many years, the way motoneurons were recruited into voluntary and reflex 
movements was believed to be regulated by the “size principle” that postulated that 
motoneurons were recruited according to their size. The new work reviewed in 
chapter “Recruitment of Motoneurons” shows that the recruitment process is much 
more complicated than originally hypothesized and depends upon the repertoire of 
ionic conductances in the motoneuron membrane and the organization of the inter-
neuronal presynaptic inputs to motoneurons. Ultimately, the behavior of motoneu-
rons is determined by their passive, transition, and active membrane properties. 

Preface



ix

These are considered comprehensively in chapter “Electrical Properties of Adult 
Mammalian Motoneurons” which also documents their role in determining moto-
neuron output and describes their modulation by C-boutons and dendritic inward 
currents. The chapter also emphasizes the value of comparative studies of humans 
and animals in understanding the function of motoneurons. This discussion is 
extended into chapter “The Cellular Basis for the Generation of Firing Patterns in 
Human Motor Units” that describes the properties of motoneurons in humans and 
the way that active membrane conductances influence how motoneurons fire and are 
recruited during voluntary contractions. The chapter also describes the use of com-
puter modelling to “reverse engineer” the firing pattern of motoneurons to infer 
features of their synaptic drive that cannot otherwise be studied in humans.

The view of motoneurons as the output elements of the nervous system has been 
the dominant paradigm for interpreting their organization and function for the last 
100 years. However, new findings discussed in chapter “Motoneuronal Regulation 
of Central Pattern Generator and Network Function” show that motoneurons are 
actively involved in generating and modulating motor behavior. This work has 
largely focused on the causal role of motoneuron outputs in central pattern genera-
tor function across several species. Motoneurons are now believed to contribute 
directly to the operation of several different central pattern generators including 
those for quadrupedal locomotion, swimming, and vocalization. The final chapter 
(chapter “Extraocular Motoneurons and Neurotrophism”) in this part deals with a 
specialized motoneuronal population that regulates eye movements and describes 
their firing behavior during normal eye movements and during the vestibulo-ocular 
reflex. This chapter also describes an unusual class of motoneuron that innervates a 
subset of oculomotor muscle fibers with multiple synaptic contacts along the mus-
cle fiber and highlights the importance of neurotrophic factors in regulating the fir-
ing properties and synaptic inputs of oculomotor motoneurons.

The final part of the book deals with motoneuron diseases and highlights the 
progress being made in understanding the molecular and physiological basis of 
these diseases, focusing on amyotrophic lateral sclerosis (ALS). Chapter 
“Motoneuron Diseases” surveys motoneuron diseases by considering the genetic 
and environmental factors contributing to the disease and the degree to which the 
pathology can be considered cell autonomous or as the result of interactions of 
motoneurons with the circuits in which they reside. Chapter “Electrical and 
Morphological Properties of Developing Motoneurons in Postnatal Mice and Early 
Abnormalities in SOD1 Transgenic Mice” describes the use of various mouse mod-
els of ALS to show that changes in motoneuronal morphology, excitability, and 
sensorimotor function can be detected very early in development well before the 
denervation and motor dysfunction that characterizes the disease. The final chapter 
(chapter “From Physiological Properties to Selective Vulnerability of Motor Units 
in Amyotrophic Lateral Sclerosis”) discusses the selective susceptibility of the dif-
ferent motoneuron types to the disease process and postulates that the early reduced 
firing of the most susceptible motoneurons leads to alterations in multiple 
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activity-dependent processes that ultimately lead to their demise. Collectively, these 
new findings indicate that motoneuronal degenerative diseases are not exclusively 
diseases of the motoneuron because they exhibit pathologies that are present in 
spinal interneurons, sensory afferents, and glial cells. This broadened perspective 
offers hope for the development of new therapies for these devastating ailments.

Michael J. O’Donovan
Mélanie Falgairolle

Bethesda, MD, USA
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Establishing the Molecular and Functional 
Diversity of Spinal Motoneurons

Jeremy S. Dasen

Abstract  Spinal motoneurons are a remarkably diverse class of neurons responsi-
ble for facilitating a broad range of motor behaviors and autonomic functions. 
Studies of motoneuron differentiation have provided fundamental insights into the 
developmental mechanisms of neuronal diversification, and have illuminated prin-
ciples of neural fate specification that operate throughout the central nervous sys-
tem. Because of their relative anatomical simplicity and accessibility, motoneurons 
have provided a tractable model system to address multiple facets of neural devel-
opment, including early patterning, neuronal migration, axon guidance, and synap-
tic specificity. Beyond their roles in providing direct communication between 
central circuits and muscle, recent studies have revealed that motoneuron subtype-
specific programs also play important roles in determining the central connectivity 
and function of motor circuits. Cross-species comparative analyses have provided 
novel insights into how evolutionary changes in subtype specification programs 
may have contributed to adaptive changes in  locomotor behaviors. This chapter 
focusses on the gene regulatory networks governing spinal motoneuron specifica-
tion, and how studies of spinal motoneurons have informed our understanding of the 
basic mechanisms of neuronal specification and spinal circuit assembly.

Keywords  Motoneuron · Development · Spinal circuit · Neural patterning · 
Transcription factor
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1 � Introduction

Although making up only a small fraction of all the neurons in the vertebrate central 
nervous system, motoneurons play crucial roles in facilitating nearly all aspects of 
animal behavior. Motoneurons within the spinal cord and brainstem are responsible 
for controlling basic motor functions including walking, breathing, posture, and 
balance. To accomplish their specific functions, motoneurons acquire specific fea-
tures during embryonic development, including subtype-specific gene expression 
profiles, peripheral target specificity, and central connectivity with local and 
descending premotor networks. Compared to other neuronal classes, motoneurons 
have been relatively accessible to explore basic mechanisms of neuronal diversifica-
tion and synaptic specificity. This is in part because the cell bodies of motoneurons 
targeting a specific peripheral target are organized into anatomically distinct colum-
nar and pool groups. This relatively simple organization has enabled exploration in 
determining the relationship between the molecular profile and synaptic specificity 
of specific motoneuron subtypes.

In this chapter I describe studies that have illuminated the genetic programs gov-
erning vertebrate spinal motoneuron differentiation, focusing on the operation of 
gene regulatory networks that contribute to motoneuron subtype diversity, central 
organization, and connectivity. I will focus predominantly on the role of transcrip-
tion factors (TFs), as they are primary targets of early signaling that pattern the 
neural tube, and play key roles in specifying both class- and subtype-specific fea-
tures of motoneurons. I will describe some of the key targets of transcription factors 
that determine motoneuron central organization and peripheral target specificity. 
The evolutionary origins of motoneurons subtypes will be discussed, as well as 
plausible mechanisms through which these programs have been modified in verte-
brates that have adapted specialized locomotor strategies. The role of motoneuron 
subtype identity in circuit assembly will be explored, particularly in relation to the 
local connections established between motoneurons, sensory neurons, and spinal 
interneurons. The overall theme is to highlight how studies on a single neuronal 
class has enabled multi-scale analyses of the development and function of motor 
circuits.

2 � Anatomical and Functional Diversity 
of Spinal Motoneurons

At the time of their birth, all motoneurons possess a set of core features that distin-
guish them from other neuronal classes, but subsequently diversify into dozens of 
molecularly and anatomically specialized subtypes. Motoneurons subtypes can be 
differentiated on the basis of their anatomical position, functional properties, speci-
ficity of their connections, and molecular profiles. Historically, retrograde labeling 
of motoneuron through tracer injection into different muscle groups have allowed 
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characterization subtype identities on the basis of their organization within the spi-
nal cord (Jessell et al. 2011; Landmesser 2001). These studies revealed that moto-
neurons targeting the same or related groups of peripheral targets are organized 
centrally into discrete clusters termed motor columns and motor pools (Fig.  1). 
Groups of motoneurons that target the same peripheral target can be further differ-
entiated on the type of muscle fiber they innervate (i.e. fast versus slow, alpha ver-
sus gamma).

A major organizational feature of spinal motoneurons is their clustering into 
columns longitudinally arrayed along the rostrocaudal (head to tail) axis (Landmesser 
1978b; Romanes 1941). Neurons within a column innervate a common set of target 
tissues, which includes both somatic muscles and visceral ganglia (Fig.  1a). 
Motoneurons targeting limb muscles are referred to as lateral motor column (LMC) 
neurons, indicating their position relative to medial motor column neuron (MMC) 
neurons, which target dorsal axial muscle. LMC neurons are generated specifically 
in brachial and lumbar levels of the spinal cord and innervate forelimb and hindlimb 
muscles, respectively, while MMC neurons are present at each segmental level. At 
thoracic levels visceral preganglionic column (PGC) neurons, which derive from 
the same precursors as somatic motoneurons, innervate sympathetic ganglia 
(Fig. 1c) (Prasad and Hollyday 1991). Visceral neurons sharing genetic signatures 
with thoracic PGC neurons are also present in sacral segments (Espinosa-Medina 
et al. 2016). Motoneurons of the hypaxial motor column (HMC) innervate intercos-
tal and abdominal wall muscles, and are found predominantly in thoracic segments 
(Gutman et al. 1993; Prasad and Hollyday 1991). In mammals, phrenic motoneu-
rons (PMC) are generated at rostral cervical levels and targets the diaphragm mus-
cle. Each of these columnar groups form within the spinal cord shortly after 
motoneurons are generated (between E10.5 and E12.5  in mouse), and this basic 
organizational pattern persists into adulthood.

Additional layers of somatotopic organization of motoneurons are present within 
a single motor column (Fig. 1b). At brachial and lumbar levels, the LMC segregates 
into two molecularly and anatomically distinct divisional subtypes: a medial divi-
sion (LMCm) which contains motoneurons that project axons ventrally in the limb, 
and a lateral division (LMCl) that projects dorsally (Landmesser 1978a; Tosney and 
Landmesser 1985a, b). Dorsally projecting LMCl axons typically innervate limb 
extensor muscles, whereas LMCm axons innervate flexor muscles. The organization 
of LMC neurons into columnar and divisional groups is present in all tetrapod 
classes that have been examined, as well as some species of cartilaginous fish (Jung 
et al. 2014, 2018).

A third level of motoneuron organization is evident in the diversification of LMC 
neurons into motor pools (Fig. 1d, e). A motor pool is defined as the population of 
motoneurons that innervates a single muscle (Hollyday et  al. 1977; Landmesser 
1978b; Romanes 1942). Motor pools occupy distinct positions within the spinal 
cord, and are invariant among animals of the same species (Hollyday and Jacobson 
1990; Landmesser 1978b). While both brachial and lumbar LMC neurons share a 
common columnar and divisional organization, the motor pools of these two popu-
lations are distinct, reflecting differences in the anatomy of forelimb and hindlimb 
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Fig. 1  Anatomical diversity of spinal motoneurons. (a) Organization of spinal motor columns 
and their peripheral targets. Phrenic motor column (PMC) neurons are found at cervical levels and 
target the diaphragm. Lateral motor column (LMC) neurons are generated at brachial and lumbar 
levels an innervate limb muscle. Preganglionic motor column (PGC) neurons are located in tho-
racic and sacral segments and target sympathetic chain ganglia (scg). Hypaxial motor column 
(HMC) neurons target ventral hypaxial muscle (e.g. intercostal and abdominal muscles). Medial 
motor column (MMC) neurons target dorsal epaxial muscles. (b) Motoneuron columnar organiza-
tion at limb levels. Divisional identities of LMC neurons and initial trajectories are shown. LMCl 
neurons target the dorsal limb compartment and LMCm neurons project ventrally. (c) Organization 
of motor columns in thoracic segments. Motor axon projections of PGC, HMC, and MMC neurons 
are shown. PGC neurons are also observed in cervical, rostral lumbar and at lumbar segment L6. 
(d) Motor pool organization. Each motor pool targets a specific limb muscle. (e) Forelimb muscles 
of an E12.5 mouse embryo. (Credit: Muscles and tendons of mouse forelimb. NIMR, 
MRC. Attribution-NonCommercial 4.0 International (CC BY-NC 4.0))
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muscles (Hollyday 1980; Hollyday and Jacobson 1990). Nevertheless, motor pools 
of both brachial and lumbar LMC neurons are somatotopically organized. At both 
segmental levels, motor pools positioned rostrally in the LMC typically innervate 
rostral and proximal limb muscles while caudal motor pools project to more caudal 
and distal muscles (Catela et al. 2016; Hollyday and Jacobson 1990; Landmesser 
1978b; Vanderhorst and Holstege 1997).

Why motoneurons organize into defined columnar and pool clusters is not well 
understood. As discuss later, one argument in the formation of motoneuron topo-
graphic maps is to facilitate connections between motoneuron subtypes with premo-
tor interneurons and sensory neurons (Jessell et al. 2011). Motoneuron columnar 
and pool organization may also facilitate the coordinated rhythmic firing of moto-
neurons, through gap junctions that are transiently formed during embryogenesis 
(Chang et al. 1999; Fulton et al. 1980). This rhythmic bursting activity of motoneu-
rons has been shown to be important during the selection of peripheral trajectories 
by motor axons (Hanson and Landmesser 2004, 2006)

Additional layers of motoneuron diversification are also present within a single 
motor pool (reviewed in Kanning et al. 2010). Motoneurons targeting skeletal mus-
cle can synapse on either extrafusal fibers (alpha-motoneuron), intrafusal fibers 
(gamma-motoneuron), or both (beta-motoneuron). Alpha motoneurons innervate 
extrafusal muscle fibers, have large cell bodies, and are the main drivers of muscle 
contraction. Gamma motoneurons innervate intrafusal fibers associated with muscle 
spindles, while beta-motoneuron target both intrafusal and extrafusal fibers. Alpha-
motoneurons can be further classified based on whether they innervate fast-fatigable, 
fast fatigue-resistant, or slow-fatigable muscle fiber types. The appearance of these 
functional characteristics of motoneurons appears to emerge in later development, 
and multiple functional subtypes can be present within a single motoneuron pool. 
Thus, while motoneurons represent only a small fraction of neurons within the 
CNS, they display remarkable degree of anatomical and functional diversity. The 
diversification of motoneurons is governed by genetic programs deployed during 
embryonic development.

3 � Specification of Spinal Motoneuron Class Identity

Like many neuronal classes, motoneurons acquire their fates as a consequence of 
developmental programs operating during the early stages of embryonic develop-
ment. Shortly after neural induction, when ectoderm acquires a neuronal fate, the 
neural plate closes to form the neural tube. Gradients of secreted signaling mole-
cules act on progenitors within the neural tube to specify positional fates along both 
the dorsoventral and rostrocaudal axes. Along the dorsoventral axis neural progeni-
tors acquire unique molecular identities through the actions of multiple secreted 
patterning molecules (morphogens). Sonic hedgehog (Shh) is secreted ventrally 
from the notochord and floor plate, while bone morphogenetic protein (BMP) and 
wingless (Wnt) signaling originates from the dorsal roof plate and surface ectoderm 
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(Fig. 2a) (Jessell 2000; Sagner and Briscoe 2019). Graded Shh signaling is essential 
for the specification of motoneuron progenitors, as well as multiple classes of ven-
tral spinal interneurons. RA from the paraxial mesoderm, and fibroblast growth 
factors (FGFs) from the caudal mesoderm and tail bud also contribute to the speci-
fication of motoneuron progenitors (Novitch et  al. 2003). These spatially-graded 
morphogens establish unique populations of progenitors in the ventral spinal cord 
through inducing specific patterns of transcription factor expression (Fig.  2a). 
Molecularly distinct progenitor domains give to a single or multiple classes of post-
mitotic neurons, including four interneuron classes (termed V0, V1, V2, V3) and 
spinal motoneurons.

Shh acts via the Gli (glioma-associated oncogene) family of transcription factors 
to regulate the expression profile of two classes of homeodomain TFs, termed Class 
I and Class II (Shirasaki and Pfaff 2002). Class II proteins are induced in progeni-
tors by differing levels of Shh, while Class I TFs are repressed by Shh and expressed 
more dorsally (Briscoe et al. 2000). Gradients of Shh along the dorsoverntal axis are 
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Fig. 2  Specification of core molecular feature of spinal motoneurons. (a) Early patterning of 
neural tube progenitors and motoneuron specification. BMP/Wnt and Shh gradients induce tran-
scription factors in the neural tube. Motoneuron progenitors (pMN) and four ventral interneuron 
classes (p0, p1, p2, and p3) are shown. Olig2 promotes maintained expression of Neurogenin2 
(Ngn2) which coordinately regulates motoneuron gene expression with Isl1 and Lhx3. Postmitotic 
motoneurons initially express Isl1, Lhx3, and Mnx1. (b) Transcriptional regulation of core moto-
neuron (MN) genes by Isl1, Lhx3, and NLI. Isl1, Lhx3 and NLI bind to hexamer response elements 
(HxRE) to regulate core motoneuron genes. (c) Enhancer switching during motoneuron matura-
tion. Early motoneuron genes are coordinately regulated by Ngn2 and Isl1/Lhx3, later switching to 
enhancers containing Isl1/Oc or Isl1/Ebf motifs
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interpreted by progenitors, in part, through spatial differences in the level of Gli 
activator and Gli repressor activity (Ribes and Briscoe 2009). In the absence of Shh, 
Gli repressor activity dominates, while Shh promotes ventral fates through promot-
ing Gli activator function.

The initial patterns of Class I and Class II proteins are further fine-tuned and 
maintained through selective cross-repressive interaction between pairs of tran-
scription factors (Balaskas et al. 2012). A consequence of these intrinsic transcrip-
tional repressive networks is to establish sharp boundaries between progenitor 
domains and ensure the production of unique classes of postmitotic neurons 
(Fig.  2a). Spinal motoneuron progenitors (pMNs) are defined by the domain of 
Olig2, Pax6, and Nkx6.1 co-expression. Because cross-repressive interactions are 
critical in establishing the boundaries between progenitor domains, loss of one tran-
scription factor often causes factors expressed in adjacent domains to become dere-
pressed, leading to a switch in neuronal class fates (Ericson et  al. 1997; Lanuza 
et al. 2004; Vallstedt et al. 2001). For example, mutation in the Olig2 gene in mice 
leads to a loss of spinal motoneurons and a ventral expansion of V2 interneurons 
(Zhou and Anderson 2002).

Transcription factors expressed by progenitors play a critical role in setting up 
the regulatory landscape necessary for the emergence of general features of postmi-
totic motoneurons. Olig2 promotes expression of Neurogenin2 (Ngn2), and both 
Olig2 and Ngn2 operate to promote distinct aspects of motoneuron maturation 
(Mizuguchi et al. 2001; Novitch et al. 2001). Olig2 functions predominantly as a 
transcriptional repressor, where it establishes the pMN boundary. Olig2 also indi-
rectly upregulates Ngn2 by repressing a repressor of Ngn2 gene expression (Sagner 
et al. 2018). Ngn2 interacts with retinoic acid receptors (RARs) and histone modify-
ing complexes to establish the chromatin environment critical for activation of pan-
neuronal as well as motoneuron-restricted genes (Lee et  al. 2009). Ngn2 also 
synergizes with the postmitotic motoneuron determinants Lhx3 and Isl1 to promote 
expression of motoneuron-restricted genes, including the transcription factor Mnx1 
(also known as Hb9) (Lee and Pfaff 2003; Ma et al. 2008). Olig2 can counteract the 
function of Ngn2 in promoting motoneuron differentiation, suggesting the relative 
balance between Olig2 and Ngn2 expression serves as a gate for timing the activa-
tion of motoneuron-specific gene expression (Lee et al. 2005).

Like spinal progenitors, postmitotic neuronal classes can be defined by the spe-
cific transcription factors they express and can be further categorized on the basis of 
their connectivity pattern, neurotransmitter systems, and intrinsic physiological 
properties (Jessell 2000; Shirasaki and Pfaff 2002). Spinal motoneurons express a 
set of common early postmitotic determinants (Mnx1, Isl1, and Lhx3), extend axons 
outside the CNS, are cholinergic, and co-release glutamate (Mentis et  al. 2005; 
Nishimaru et al. 2005). Lhx3, Isl1, Mnx1 play instructive roles in motoneuron spec-
ification, as misexpression of these factors, either alone or combination, can direct 
dorsal spinal interneurons to a motoneuron fate (Tanabe et al. 1998; Thaler et al. 
2002). Genetic analyses in mice indicate that Lhx3 (and its paralog Lhx4), Isl1 (and 
Isl2), and Mnx1 are all essential for multiple aspects of motoneuron differentiation 
and peripheral connectivity (Arber et  al. 1999; Liang et  al. 2011; Sharma et  al. 
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1998; Thaler et al. 1999, 2004). Isl1 and Lhx3 bind to the Lim-domain cofactor 
Lbd1 to promote spinal motoneuron identity by forming a hexameric complex con-
sisting of two Lhx3:Isl1 dimers and NLI proteins (Fig. 2b) (Lee and Pfaff 2003). 
The interaction of these factors also prevents motoneurons from expressing genes 
associated with alternate spinal interneuron fates (Lee et al. 2008).

Because motoneurons represent only a small fraction of all the neurons in the 
spinal cord, it has historically been challenging to use biochemical approaches to 
determine the sets of genes that are directly regulated by motoneuron-restricted 
TFs. The ability to direct embryonic stem (ES) cells to a motoneuron fate has been 
an invaluable tool to determine the molecular mechanisms by which TFs regulate 
gene expression. ES cells can be differentiated to spinal motoneurons through treat-
ing with combinations of Shh agonist and RA, or through direct lineage program-
ming by inducible expression of Ngn2, Lhx3, and Isl1 (Lee et al. 2012; Mazzoni 
et al. 2013a; Wichterle et al. 2002). Using these approaches, it has been demon-
strated that the Lhx3-Isl1 complex directly binds and regulates a battery of genes 
associated with core motoneuron features, including other class-restricted transcrip-
tion factors (i.e. Mnx1), cholinergic synthesis pathway genes, axon guidance recep-
tors, and adhesion molecules (Fig. 2b).

Although the core TFs Isl1, Lhx3, and Mnx1 are expressed by all early born 
spinal motoneurons, they subsequently become restricted to distinct columnar, divi-
sional, and pool subtypes. For example, while Lhx3 is required for the differentia-
tion of all spinal motoneurons, it is subsequently restricted to MMC neurons which 
innervate dorsal axial muscle (Sharma et al. 1998). Thus, factors that regulate genes 
essential for motoneuron class identity are only transiently expressed, raising the 
question of how these programs are maintained after differentiation. Studies in 
ES-derived motoneurons indicate that gene enhancers occupied by Lhx3 and Isl1 
are only transiently engaged during differentiation, subsequently switching to 
enhancers containing binding sites for Isl1, Onecut, and Ebf1 TFs (Rhee et al. 2016; 
Velasco et al. 2017). Maintenance of core motoneuron features therefore appears to 
depend on the switch from early enhancers bound by Lhx3-Isl1 to distinct enhanc-
ers that maintain expression in postmitotic motoneurons (Fig. 2c).

4 � Early Patterning of Spinal Motoneurons Along 
the Rostrocaudal Axis

While all motoneurons share certain features, such as expression of genes encoding 
cholinergic synthesis and release pathways, they diversify into hundreds of sub-
types. Motoneuron subtype identities have been traditionally defined by the speci-
ficity of their peripheral connections with muscle (Dasen and Jessell 2009; 
Landmesser 2001). Thus, efforts to define the developmental programs contributing 
to motoneuron subtype diversity have largely focused on the molecular profiles of 
neurons targeting specific muscle groups. The acquisition of muscle-specific fates 
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relies on patterning along the rostrocaudal axis. In addition to their early roles in 
establishing motoneuron progenitors, RA and FGFs determine the rostrocaudal 
positional identities of spinal progenitors (Bel-Vialar et al. 2002; Liu et al. 2001). 
RA and FGFs form opposing concentration gradients, where RA secreted from the 
paraxial mesoderm and somites acts as a rostralizing signal, while FGFs patterns 
more caudal levels (Fig. 3a).

RA and FGFs confer rostrocaudal positional identities to motoneurons and other 
neuronal classes through controlling the temporal and spatial expression of Hox 
family transcription factors (Bel-Vialar et  al. 2002; Dasen et  al. 2003; Liu et  al. 
2001). Hox genes are a large family of chromosomally arrayed genes comprising 39 
genes encoded by 4 clusters (HoxA, HoxB, HoxC, and HoxD), most of which are 
expressed in the spinal cord and hindbrain (Parker and Krumlauf 2020; Philippidou 
and Dasen 2013). In general, Hox1-Hox5 paralog group genes are expressed in the 
hindbrain while Hox4-Hox13 genes are detected in the spinal cord. Unlike the 
sequential expression of different sets of TFs in motoneuron progenitors (Olig2, 
Pax6, Nkx6) and early postmitotic motoneurons (Mnx1, Lhx3, Isl1), Hox genes are 
expressed during both phases of motoneuron differentiation.

Expression of individual Hox genes directly correlates with its position within a 
chromosomal cluster, a principle termed spatial colinearity (Kmita and Duboule 
2003). Hox genes positioned at the 3′ end of a cluster are expressed at rostral levels, 
while 5′ genes are expressed at more caudal regions of the neuroaxis (Fig. 3a). The 
initiation of Hox gene expression occurs during axis extension, as stem cell-like 
populations emerge from the node (the organizer for gastrulation in the vertebrate 
embryo), and generate neuronal and non-neuronal progenitors. This early rostrocau-
dal patterning step appears to be initiated prior to neurogenesis (Metzis et al. 2018). 
Growth of the tail bud is associated with the progressive removal of repressive chro-
matin marks from Hox loci, and the appearance of chromatin marks indicative of 
gene activation (Soshnikova and Duboule 2009).

RA has an important role in patterning Hox expression in the spinal cord where 
it regulates expression of genes associated with cervical/brachial levels (Hox4-Hox6 
genes), in conjunction with other signaling systems (Liu et  al. 2001). RA acts 
through retinoic acid receptors (RARs) to directly activate Hox1-Hox5 paralogs 
(Mazzoni et al. 2013b). FGF signaling has a prominent role in establishing the pat-
terns of Hox4-Hox10 gene expression in the spinal cord and increasing levels of 
FGF induces Hox genes with a progressively more posterior character (Liu et al. 
2001; Peljto et al. 2010). Artificially increasing FGF signaling in vivo induces a 
rostral shift of Hox expression and transforms the identities of brachial motoneuron 
subtypes to a thoracic fate (Bel-Vialar et al. 2002; Dasen et al. 2003, 2005). The 
effects of FGF signaling in the neural tube are mediated through Cdx homeodomain 
proteins, as FGF can induce Cdx expression, and Cdx proteins can directly activate 
expression of caudal Hox genes (Bel-Vialar et  al. 2002; Mazzoni et  al. 2013b). 
FGFs also works in concert with other signaling systems to orchestrate patterns of 
Hox expression in the spinal cord. At rostral levels FGF acts with RA to establish 
expression of Hox6-Hox8 genes in brachial motoneurons. At more posterior levels, 
FGFs functions with secreted Growth differentiation factor 11 (Gdf11) to initiate 
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Fig. 3  Regulation of Hox gene expression along the rostrocaudal axis. (a) Patterning of Hox 
gene expression by RA, FGF, and Gdf11. Chromosomally arrayed Hox genes are activated by 
gradients of signaling molecules. Color coding of Hox genes denotes paralog groups regulated by 
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expression of Hox10 genes which define lumbar fates (Liu et al. 2001). Wnt signal-
ing also functions in rostrocaudal patterning and modulates the responsiveness of 
progenitors to RA and FGF (Nordstrom et al. 2006). Subsequent to these early pat-
terning events, the rostral boundaries of Hox gene expression are maintained through 
differentiation by the action of the Polycomb group family of repressor proteins 
(Fig. 3b) (Golden and Dasen 2012; Mazzoni et al. 2013b; Narendra et al. 2015).

The pattern of Hox genes induced by morphogens in spinal progenitors is char-
acterized by specific rostral boundaries, with caudal boundaries that often extend to 
the tail bud. Thus, there is initially extensive overlap in Hox mRNA expression in 
caudal neural progenitors. By the time of motoneuron differentiation posterior 
boundaries become apparent. These caudal boundaries are established through 
cross-repressive interaction between Hox genes (Fig. 3b) (Dasen et al. 2003, 2005). 
The molecular mechanisms mediating Hox cross-repressive interactions have been 
studied in detail for the Hoxc9 protein, which is expressed by thoracic motoneurons 
where it represses brachial Hox4-Hox8 genes (Jung et al. 2010). In Hoxc9 mutants, 
Hox4-Hox8 paralog genes are derepressed at thoracic levels leading a transforma-
tion of thoracic motoneurons to a brachial LMC fate (Jung et al. 2010). In addition, 
within a specific segmental level, cross-repressive interactions amongst Hox genes 
contribute to the diversification of motor pools (Catela et al. 2016; Dasen et al. 2005).

Each of the segmentally-restricted motoneuron columnar subtypes can be defined 
by a specific pattern of postmitotic Hox expression (Fig.  3c). At cervical levels, 
Hox5 proteins are expressed by phrenic motor column neurons (Philippidou et al. 
2012). Hox6 and Hox10 proteins mark brachial (forelimb-innervating) and lumbar 
(hindlimb) LMC neurons, respectively (Dasen et  al. 2003, 2008; Lacombe et  al. 
2013; Rousso et al. 2008; Shah et al. 2004; Wu et al. 2008). Intervening limb-level 
LMC neurons, the Hoxc9 gene is essential for the appearance of thoracic neuronal 
fates, including preganglionic column (PGC) neurons (Jung et al. 2010). Expression 
of an additional two dozen Hox genes within the LMC defines the molecular iden-
tity of motor pools (Dasen et al. 2005). The next section describes the roles Hox 
proteins in determining the molecular profiles and peripheral target specificity of 
motoneuron subtypes.

5 � Developmental Mechanisms of Motoneuron Diversification

Patterning systems along the rostrocaudal axis act to define the expression profiles 
of Hox genes in motoneurons. While Hox gene expression is initiated in progeni-
tors, they continue to be expressed by early postmitotic motoneurons, where they 
play important roles in generating segmentally-restricted subtypes. Although how 
dorsoventral and rostrocaudal patterning systems are integrated during development 
is poorly understood, it appears that Hox proteins operate in conjunction with early 
motoneuron determinants (e.g. Mnx1, Isl1) to generate segment-specific subtypes. 
In parallel with these programs, Hox-independent pathways are also deployed to 
specify the identities of motoneuron subtypes innervating axial muscle.

Establishing the Molecular and Functional Diversity of Spinal Motoneurons



14

�Hox Genes and the Specification of LMC Neurons 
and Divisional Subtypes

Because of their critical roles in facilitating limb movement, the specification of 
LMC neurons has been thoroughly examined, both in terms of the genetic programs 
that specify their subtype identities and mechanisms of muscle-target specificity 
(Fig.  4a). As with other neuronal classes, the diversification of LMC neurons 
involves a hierarchical program that progressively refines the molecular profiles of 
motoneurons and shapes the specificity of limb innervation. Early in development, 
Hox transcription factors ensure that LMC neurons are generated in register with 
the developing limb buds. As LMC neurons further mature, a combination of both 
motoneuron-intrinsic and limb-derived cues operate to generate the diversity of 
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LMC subtypes necessary to innervate the dozens of muscles present in a typical 
tetrapod limb.

Hox proteins confer subtype-specific features of motoneurons, in part, through 
regulating expression of other transcription factors. A key target of Hox proteins in 
spinal motoneurons is the transcription factor Foxp1, which is expressed by LMC 
neurons, and at reduced level by thoracic and sacral PGC neurons (Dasen et  al. 
2008; Espinosa-Medina et al. 2016; Rousso et al. 2008). The pattern of Foxp1 in 
motoneurons is determined by Hox proteins expressed at specific segmental levels. 
Hoxc6 and Hoxc10 promote high levels of Foxp1  in brachial and lumbar LMC 
neurons, respectively, while Hoxc9 sets low Foxp1 levels in thoracic PGC neurons. 
Misexpression studies in chick embryos indicate that Hoxc6 and Hoxd10 can con-
vert thoracic motoneurons to an LMC fate, as measured by ectopic expression of 
high Foxp1 levels and other LMC molecular markers (Dasen et al. 2008). Hox pro-
teins therefore appear to act in the early phases on LMC differentiation to induce 
expression of genes that regulate subsequent steps of diversification.

While expression of individual Hox genes correlates with the positioning bra-
chial and lumbar LMC neurons, there is significant redundancy among Hox genes 
during LMC specification. Although Hox6 genes are expressed by the majority of 
brachial LMC neurons, in mice lacking all Hox6 paralog genes (Hoxc6, Hoxa6, and 
Hoxb6) LMC neurons are still generated, although in reduced numbers (Lacombe 
et al. 2013). Misexpression studies in chick indicate that multiple Hox5-Hox8 para-
logs can confer an LMC identity to thoracic motoneurons, suggesting LMC specifi-
cation involves the activities of multiple redundant Hox inputs. Consistent with this 
idea, combined mutation of the HoxA and HoxC gene clusters abolishes the specifi-
cation of brachial LMC neurons (Jung et al. 2014). Thus, the early columnar iden-
tity of LMC neurons is determined through redundant Hox inputs that regulate the 
pattern of Foxp1 expression.

Foxp1 is essential for specifying nearly all early molecular features of LMC 
neurons. Genetic depletion of Foxp1 in mice does not preclude the expression of 
general motoneuron features, such as expression of Mnx1 and cholinergic synthesis 
pathway genes, or affect the pattern of Hox expression (Dasen et al. 2008; Rousso 
et  al. 2008). In Foxp1 mutants, prospective LMC neurons fail to express early 
embryonic markers of motoneuron columnar, divisional and pool identities. In the 
absence of Foxp1, presumptive LMC and PGC neurons express markers of ventrally-
projecting HMC neurons (Fig. 4c). These observations suggest that the HMC sub-
type represents an ancestral population from which LMC neurons and other 
segmentally-restricted subtypes evolved.

Foxp1 is also required for the expression of the retinoic acid synthetic enzyme 
Raldh2, which is expressed by brachial and lumbar LMC neurons. Raldh2 expres-
sion in motoneurons creates a local neuronal source of RA, and is involved in speci-
fying LMC divisional identities (Sockanathan and Jessell 1998). Neurons within the 
LMC differentiate into to a lateral division (LMCl) which targets muscle in the 
dorsal limb compartment, and a medial division (LMCm) that targets ventral mus-
cles (Fig. 4a). Each of these divisional groups are characterized by selective expres-
sion of Lim homeodomain (HD) proteins: LMCl neurons express Lhx1, while 
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LMCm neurons express Isl1 (Tsuchida et al. 1994). Expression of Lhx1 in LMCl 
neurons is regulated by local RA signaling from Raldh2+ LMC neurons, as well as 
RA from the paraxial mesoderm, and is consolidated through cross-repressive inter-
actions between Lhx1 and Isl1 (Ji et al. 2006; Kania et al. 2000; Sockanathan and 
Jessell 1998). The activities of Lim HD factors in LMCl and LMCm also play impor-
tant roles in determining the selection of axonal trajectories within the limb. Lhx1 
promotes the dorsal projection of LMCl neurons through regulating expression of 
the guidance receptor EphA4, which repels axons from ephrin-expressing ventral 
limb mesenchyme (Eberhart et al. 2002; Kania and Jessell 2003). Lim HD protein 
mediated regulation of Eph receptor/ephrin interactions are also involved in deter-
mining the ventral projection of LMCm axons (Luria et al. 2008).

�Intrinsic Programs of Motoneuron Pool Specification

Despite the converging actions of multiple redundant Hox genes to specify LMC 
fate, individual Hox genes are required to diversify LMC neurons into motor pools 
targeting specific limb muscles. Of the 39 Hox genes present in mammalian 
genomes, approximately half are expressed by spinal motoneurons, with the major-
ity being expressed in LMC neurons (Dasen et  al. 2005; Lacombe et  al. 2013). 
Brachial LMC neurons express Hox4-Hox9 paralogs, while lumbar LMC neurons 
express Hox9-Hox12 genes. The profile of Hox expression in LMC motor pools is 
established through repressive interactions between Hox genes in motoneurons, 
contributing to both their rostrocaudal and intrasegmental organization. For exam-
ple, repressive interactions between Hoxc5 and Hoxc8 establish the boundary 
between rostral and caudal brachial LMC motor pools, while a network of interac-
tions between Hox4-Hox9 paralogs shape motor pool intrasegmental diversity 
(Catela et al. 2016; Dasen et al. 2005; Mendelsohn et al. 2017).

As with the specification of motoneuron columnar identity, Hox proteins deter-
mine motor pool diversity through regulating expression of downstream transcrip-
tion factors. For example, the ETS domain TF Pea3 (also known as Etv4), the Pou 
domain protein Scip (Pou3f1), and Nkx6.1 are all expressed by pools of LMC neu-
rons targeting specific limb muscles. Expression of these pool-restricted factors 
requires specific combinations of Hox proteins. Both Hoxc8 and Hoxc6 are required 
for the specification of the brachial motor pools defined by Pea3 expression, while 
only Hoxc8 is required for expression of Scip. In both Hoxc6 and Hoxc8 mutants 
there is a depletion in Pea3+ motoneurons and a severe reduction in the arborization 
of the muscle normally targeted by this pool (Catela et al. 2016; Lacombe et al. 
2013; Tiret et  al. 1998). Analyses of mice lacking the motor pool restricted TF 
Nkx6.1, demonstrate that downstream targets of Hox proteins are critical for muscle 
target specificity (De Marco Garcia and Jessell 2008). The motor pool-restricted 
expression of Pea3, Scip, and Nkx6.1 is also lost in Foxp1 mutants, indicating that 
Hox factors work in conjunction with Foxp1 to specify the molecular identities of 
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motor pools. Foxp1 therefore acts both as a target and an accessory factor of Hox 
proteins to specify motoneuron pool fates.

Collectively, studies of Hox gene function indicate varying degrees of redun-
dancy at the level of motoneuron columnar identity, but highly specific roles during 
motor pool specification. Multiple Hox genes promote the specification of LMC 
identity, through regulation of Foxp1 expression, while individual Hox genes spec-
ify the molecular profiles and connectivity of motor pools. Because Hox expression 
is dynamic during the course of motoneuron pool differentiation, one possible pur-
pose of Hox redundancy is to ensure LMC neurons maintain Foxp1 expression in 
circumstances where individual Hox genes are downregulated. For example, in cau-
dal cervical LMC neurons expression of Hoxc6 is downregulated in a subset of 
Foxp1+ LMC neurons, while expression of Hoxc8 is maintained.

�Target-Dependent Regulation of Motoneuron Pool Identities

While early features motor pool identity are controlled through cell-intrinsic Hox 
networks, the maturation of motoneurons also depends on cues from peripheral 
targets. Expression of the ETS transcription factors Pea3 and Etv1 in LMC pools 
depends on neurotrophic signals provided by the limb mesenchyme and muscle 
(Haase et al. 2002; Lin et al. 1998). These signals appear to be permissive rather 
than instructive and not all motoneurons are competent to respond to neurotrophin 
signaling. In explants of spinal cord treated with glial-derived neurotrophic factor 
(GDNF), Pea3 is induced in a pattern approximating the normal distribution 
observed in vivo and is confined to the caudal LMC segments that normally express 
Pea3 (Haase et al. 2002). Ectopic expression of Hoxc8 in rostral LMC neurons can 
expand the domain of Pea3 expression (Dasen et al. 2005), suggesting that Hoxc8 
activity defines the region in which LMC neurons are competent to respond to 
GDNF.  Consistent with this model, in Hoxc8 mutants motoneurons fail to fully 
activate Pea3 expression (Catela et al. 2016; Vermot et al. 2005). Hoxc8 promotes 
the ability of motoneurons to respond to GDNF by regulating expression of the Ret 
and Gfra1 receptors, which are required to transduce GDNF signaling (Catela 
et al. 2016).

These observations indicate that target-derived cues contribute to the program-
ming of motor pool fates. Expression of the target-induced factor Pea3 is critical for 
multiple aspects of differentiation, including the clustering of motoneurons into 
pools, muscle-specific patterns of axonal innervation, and sensory-motor connectiv-
ity (Livet et al. 2002; Vrieseling and Arber 2006). Motor pool specification there-
fore appears to unfold in two main phases: an early Hox/Foxp1-dependent phase 
that confers aspects of motoneuron molecular identity involved in the selection of 
target muscle connectivity (Landmesser 2001; Milner and Landmesser 1999), and a 
later phase, that is associated with ETS gene expression and the clustering of moto-
neurons within the LMC (Livet et al. 2002; Price et al. 2002).
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�Development of Phrenic Motor Column (PMC) Neurons

Breathing is an essential motor behavior which relies on rhythmic activation of 
phrenic motor column (PMC) neurons. PMC neurons are unique to mammals and 
are located in rostral cervical segments of the spinal cord. As with other segmentally-
restricted motoneuron subtypes, PMC neuron development relies on Hox function 
to deploy subtype-specific gene regulatory programs (Fig. 4b). Two Hox5 paralogs, 
Hoxa5 and Hoxc5 are expressed by PMC neurons, and in the absence of Hox5 func-
tion in mice, animals perish at birth due to respiratory failure (Philippidou et al. 
2012). In Hox5 mutants, motor axons extend to the diaphragm, but fail to arborize 
within the muscle, and PMC neurons eventually are lost due to programmed cell 
death. Hox5 proteins appear to act in conjunction with another transcription factor, 
Scip, to deploy PMC-specific gene programs in motoneurons (Machado et al. 2014; 
Philippidou et al. 2012).

Studies of Hox5 gene function in PMC development have also provided insights 
into the development of spinal respiratory circuits required for breathing. Hox5 pro-
teins are required to establish the stereotypical dendritic organization of PMC neu-
rons, and Hox5 mutants are characterized by an increased crossing of dendrites to 
the contralateral spinal cord (Vagnozzi et  al. 2020). Hox5 proteins also regulate 
expression of cadherins in PMC neurons, and loss of cadherin function leads to 
similar defects in dendritic morphology. Hox5 mutants are characterized by marked 
reduction in the number of inhibitory inputs, possibly a consequence of changes in 
the molecular profiles or dendritic morphology of PMC neurons. This loss of inhibi-
tory inputs onto PMC neurons likely contributes to the respiratory defects observed 
in mice with reduced Hox5 function (Vagnozzi et al. 2020).

�Development and Diversity of Preganglionic Column 
(PGC) Neurons

In addition to muscle-innervating somatic motoneurons, the spinal cord contains an 
additional class of neurons that derive from the same progenitor domain as moto-
neurons and target peripheral ganglia in the sympathetic nervous system (Fritzsch 
et al. 2017). Although not directly involved in skeletal muscle contraction, pregan-
glionic column (PGC) neurons share multiple features with somatic motoneurons, 
including expression of Lim HD factors, cholinergic synthesis genes, and projection 
of axons outside the CNS. Spinal PGC neurons are located predominantly in tho-
racic, rostral lumbar, and sacral segments and innervate sympathetic chain ganglia. 
PGC neurons are born in the ventral spinal cord near somatic motoneurons, migrat-
ing to a dorsomedial position in chick (forming the “Column of Terni”), while in 
mouse they migrate to a mediolateral position. In both species, embryonic PGC 
neurons can be distinguished from somatic motoneurons by selective 
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phospho-Smad1/5/8 immunoreactivity. In mice, PGC neurons are also marked by 
expression of neuronal nitric oxidase synthase (nNOS).

Genetic studies indicate that like LMC neurons, PGC neuron molecular identi-
ties are determined by Hox transcription factor activity, which regulates the pattern 
of Foxp1 expression (Fig. 4c). Mutation in either Hoxc9 of Foxp1 leads to a loss of 
PGC marker expression, and sympathetic chain ganglia lack innervation (Dasen 
et al. 2008; Jung et al. 2010; Rousso et al. 2008). Hoxc9 functions to generate neu-
rons that express low levels of Foxp1, and manipulations that reduce Foxp1 levels 
in vivo can generate ectopic PGC neurons. For example, misexpression of Hoxc9 in 
brachial LMC neurons, reduces Foxp1 expression to low levels and converts LMC 
neurons to a PGC fate. Sacral PGC neurons also express Foxp1 (Espinosa-Medina 
et al. 2016), and likely depend on sacral-level Hox genes for their specification.

While studies of visceral motoneuron specification have focused on a few known 
molecular markers, more recent studies have revealed that, like LMC neurons, PGC 
neurons are molecularly highly diverse. Single cell RNA sequencing studies on 
adult motoneurons have revealed up to 16 distinct subtypes, characterized by selec-
tive expression of neuropeptides and other neuromodulatory proteins (Alkaslasi 
et al. 2021; Blum et al. 2021). Interestingly, these studies also reveal that PGC neu-
rons are not exclusive to thoracic and upper lumbar segments, but are also detected 
in cervical spinal cord.

�Specification Hypaxial (HMC) and Medial Motor Column 
(MMC) Neurons

In contrast to the Hox-dependent programs that determine the identities of 
segmentally-restricted subtypes, motoneurons innervating axial muscles can be 
present throughout the spinal cord, and do not appear to directly rely on Hox protein 
function for their specification. Axial motoneurons can be broadly divided into two 
columnar subtypes, depending on whether they innervate dorsal epaxial or ventral 
hypaxial muscle. Dorsal epaxial muscles are associated with posture and balance, 
and are innervated by neurons in the medial motor column (MMC). Hypaxial mus-
cles reside ventrally, include abdominal and intercostal muscles, and are innervated 
by HMC neurons. Similar to limb motoneurons, both MMC and HMC neurons also 
appear diversify into muscle-specific pools (Gutman et al. 1993; Smith and Hollyday 
1983). Although the genetic programs that specify muscle-specific subtypes of axial 
motoneurons are not understood, recent studies have begun to define a few markers 
that may delineate MMC and HMC pools (Catela et al. 2019; Hanley et al. 2016).

MMC and HMC neurons can be distinguished by the absence of Foxp1 expres-
sion and maintained expression of factors involved in early motoneuron fate, such 
as Isl1, Lhx3, and Mnx1 (Dasen et al. 2008; Tsuchida et al. 1994). MMC neurons 
maintain expression of Lhx3, whereas HMC neurons, like most other columnar 
subtypes, downregulate Lhx3 as they differentiate. The maintained expression of 
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Lhx3 in MMC neurons appears to be regulated by Wnt signaling originating from 
the floorplate (Fig. 4d) (Agalliu et  al. 2009). Elevation of Wnt signaling in vivo 
promotes the generation of MMC neurons at the expense of other motoneuron sub-
types, while combined genetic removal of Wnt genes depletes MMC numbers. 
MMC neurons can also be defined expression of the Prdm family transcription fac-
tor Mecom, and Mecom expression is regulated by Lhx3 and Mnx1 (Hanley et al. 
2016). Although Mecom is one of the few TFs selectively expressed by MMC neu-
rons, its function is currently unknown.

Lhx3 is expressed by the precursors of all spinal motoneurons, and is required 
for the differentiation of most subtypes, confounding attempts to understand its 
specific function during MMC development (Sharma et al. 1998). Gain of function 
studies show that Lhx3 can convert Hox-dependent LMC and PGC neurons to an 
MMC fate and redirect motor axons dorsally to epaxial muscle. Lhx3 therefore has 
a dominant and instructive role in determining the identity and trajectories of MMC 
axons (Sharma et al. 2000). The projection of MMC neurons has been shown to 
depend on target-derived chemoattractant signaling emanating from a somite-
derived structure, the dermomyotome (Tosney 1987, 1988). The dermamyotome 
expresses FGFs which act on the axons of MMC neurons, which selectively express 
FGF receptor 1 (Fgfr1) (Shirasaki et al. 2006). Mutation of Ffgr1 in mice causes 
defects in the peripheral trajectory of MMC axons. In addition, misexpression of 
Lhx3 leads to ectopic expression of Fgfr1 in non-MMC motoneurons and causes 
limb motor axons to gain sensitivity to FGFs (Shirasaki et al. 2006).

Studies in ES cell-derived motoneurons suggest that additional signaling path-
ways act in conjunction with Wnt signaling to promote MMC specification (Tan 
et al. 2016). Inhibition of Notch signaling in ES-cell derived motoneurons promotes 
the specification of HMC neurons at the expense of MMC neurons, suggesting that 
Wnt4/5 and Notch cooperate to specify MMC identity. These observations also 
raise the possibility that signaling between newly born motoneuron may play a role 
in subtype differentiation.

In contrast to MMC neurons, little is known about the developmental programs 
that specify HMC fate. Although trunk-level HMC neurons can be defined by 
expression of specific transcription factor combinations (Mnx1+, Isl1/2+, Lhx3−, 
Foxp1−), the intrinsic determinants of HMC identity are currently unknown. There 
are only a few known genetic manipulations that disrupt the specification of HMC 
neurons in vivo. For example, mutation of the Hoxc9 gene, which is expressed 
broadly in thoracic segments, causes a derepression of multiple Hox4-Hox8 genes 
and a conversion of presumptive HMC neurons to an LMC fate. By contrast, in 
Foxp1 mutants the number of HMC expands throughout the spinal cord. It is pos-
sible that HMC neurons may represent a motoneuron ground state, through which 
instructive factors like Lhx3 and Hox proteins can specify subtype identities.
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�Establishing Motoneuron Functional Subtype Diversity

While studies of motoneuron diversification have largely focused on the develop-
mental programs involved in establishing subtypes defined by their peripheral tar-
gets, motoneurons also acquire additional features related to the type of muscle fiber 
innervated (Kanning et al. 2010; Stifani 2014). Motoneurons can be classified as 
alpha, beta, or gamma depending on their innervation of intrafusal versus extrafusal 
fibers. Alpha motoneurons can also be classified as fast or slow, depending on the 
type muscle fiber a motoneuron innervates. Thus, even within a single motor pool, 
there are additional layers of diversification that contribute to motoneuron func-
tional features.

Studies have revealed some of the pathways and molecular signatures that spec-
ify motoneuron functional subtype identities. Gamma motoneurons are marked by 
expression of Wnt7a, and expression of this marker depends on the presence of 
muscle spindles (Ashrafi et  al. 2012). This observation suggests spindle-derived 
cues are involved in gamma motoneuron specification. The delta-like homolog 
Dlk-1 has been shown to promote the biophysical signatures of fast motoneurons, 
by activating expression of the potassium channel subunit Kcng4 (Muller et  al. 
2014). A slow muscle-fiber type specific cue also appears to promote the expression 
of molecular signatures of slow motoneurons over fast (Chakkalakal et al. 2010). 
Recent molecular profiling studies of adult motoneurons have also revealed addi-
tional molecular markers that distinguish between multiple motoneuron functional 
subtypes (Alkaslasi et al. 2021; Blum et al. 2021), opening up a means to resolve the 
developmental mechanisms through which these features are specified.

6 � Evolution of Spinal Motoneuron Organization 
and Function

Animals exhibit a remarkable diversity in the types of motor behaviors they display. 
Evolutionary changes in motor behaviors allows animal to optimize the means 
through which they seek out mates, find food, and escape predators. Cross-species 
comparative analyses of the molecular and anatomical features of motoneuron sub-
types can provide insights into how locomotor circuits may have evolved (Fetcho 
1992; Jung and Dasen 2015; Murakami and Tanaka 2011). Even within a single 
species, genetic analyses of transcription factor function can provide insights into 
the origins of specific neuronal subtypes. For example, analyses of mice lacking 
Foxp1 suggest that limb-innervating LMC neurons evolved from an HMC-like pre-
cursor that acquired sensitivity to Hox transcription factor activity (Dasen et  al. 
2008; Rousso et al. 2008).
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�Origins of Tetrapod Limb Motoneurons

The ability to travel on land was a key step in the evolution of vertebrates, and many 
of the circuit elements necessary for limb-based locomotion are contained within 
the spinal cord (Arber 2012; Goulding 2009; Grillner 2006; Kiehn 2016). It is 
thought that tetrapod locomotion evolved through a gradual transformation of a 
spinal network used to activate axial muscles during undulatory swimming, to a 
more localized circuitry dedicated to coordinating muscles in the limbs (Grillner 
and Jessell 2009; Jung and Dasen 2015). This idea is supported by the observation 
that contemporary representatives of intermediate steps in tetrapod evolution, 
including amphibians and reptiles, often display locomotor behaviors that are a 
composite of these two fundamentally distinct forms of locomotion (Chevallier 
et al. 2008).

However, in certain fish species forward propulsion is driven by oscillatory 
waves of muscle contraction within the fins, and in some cases, fins can be used to 
generate bipedal-like locomotor gaits (Holst and Bone 1993; Koester and Spirito 
2003; Rosenberger 2001). In the little skate Leucoraja erinacea, the pelvic fins are 
used in locomotor behaviors displaying hallmark features of ambulatory locomo-
tion, including reciprocal extension and flexion of the fins that alternate between the 
left and right sides of the spinal cord (Lucifora and Vassallo 2002; Macesic and 
Kajiura 2010). Skates generate this behavior using motoneuron subtypes that are 
remarkably similar to those found in tetrapods. Both pectoral and pelvic fin-
innervating motoneurons of skates express Foxp1, and the Lim HD code essential 
for selective innervation of flexor and extensor muscles (Jung et al. 2018). Because 
the common ancestor of skates and tetrapods was the common ancestor to all verte-
brates with paired appendages, these observations indicate that LMC neurons origi-
nated in ancient fin-bearing species (Fig. 5a).

�Hox Genes and the Evolution of Motoneuron Segmental 
Organization and Diversity

Comparisons of the Hox-regulatory networks between vertebrates displaying differ-
ent locomotor behaviors can provide mechanistic insights into how nervous systems 
may have evolved. Snakes evolved from limb-bearing reptiles that have repressed 
limb development and have reverted to an axial muscle-based form of locomotion 
(Leal and Cohn 2018). In African house and corn snakes, expression of the LMC 
determinants Foxp1 and Raldh2 are largely absent from the spinal cord, while axial 
MMC and HMC neurons are present throughout most spinal segments (Jung et al. 
2014). This reversion of motoneurons to an almost entirely axial system is associ-
ated with a loss of brachial Hox gene expression from motoneurons and an expan-
sion in the domain of Hoxc9 expression within the spinal cord (Fig. 5b, c). As in 
other tetrapods, Hoxc9 likely acts in snakes by repressing anterior Hox genes and 
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Fig. 5  Evolution of motoneuron diversity. (a) Model indicating that ancestral fin-bearing fish 
had LMC-like neurons, characterized by Foxp1 expression. This population may have extended 
along the length of the trunk. Hoxc9 activity was involved in generating separate pectoral and 
pelvic fin-innervating LMC populations, through repressing Foxp1 expression. (b) Regulatory 
interactions between Hox and Foxp1 in tetrapods. Limb level Hox proteins promote a high level of 
Foxp1 expression, which is maintained through Foxp1 autoregulation. Hoxc9 acts by blocking the 
ability of Foxp1 to positively autoregulate its own expression. (c) Evolutionary modifications in 
Hox-regulated organization of motor columns. In snakes, which have suppressed limb develop-
ment programs, expression of Hoxc9 extends throughout most segments, and LMC neurons are not 
detected. (d) In skates, pectoral LMC neurons have expanded, likely as consequence of a natural 
deletion in the HoxC cluster, which removes the Hoxc9 gene

Foxp1. Interestingly, this repressive activity is present in Hoxc9 proteins of both 
terrestrial and aquatic vertebrate species (Jung et al. 2014), suggesting that Hox-
dependent patterning is an ancestral strategy through which spinal motoneurons are 
organized.

In contrast to the loss of LMC neurons in snakes, in the little skate there is an 
extended domain of LMC neurons, spanning continuously from the pectoral fin-
innervating population to the caudal pelvic domain. Skates also have a natural dele-
tion in the Hoxc9 gene (King et al. 2011), which likely contributed to the expanded 
domain of pectoral fin-innervating motoneurons (Fig. 5d). The pectoral and pelvic 
LMC neurons of skate also express Hox proteins that are analogous to those of tet-
rapods (Fig.  5d). These observations are consistent with a model in which the 
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ancestral LMC population was present throughout the spinal cord, with Hoxc9 
activity being important for the generation of separate rostral (pectoral/forelimb) 
and caudal (pelvic/lumbar) LMC populations (Fig. 5a). Thus, modulation in the pat-
tern of Hox expression is associated with evolutionary changes in motoneuron orga-
nization and locomotor behaviors.

The appearance of digits represents an important evolutionary modification of 
the limb, enabling fine motor skills and dexterity. The genetic programs that specify 
forelimb digit-innervating motoneurons involves a divergent Hox-dependent pro-
gram that is deployed near the boundary between brachial LMC and thoracic sub-
types. Digit motoneurons can be distinguished from other brachial motor pools by 
low levels of Hoxc9 expression, as well as digit motor pool restricted markers (e.g. 
Cpne4, Fign) (Mendelsohn et  al. 2017). Although high levels Hoxc9 normally 
represses LMC specification, at reduced levels it appears to only repress Raldh2, 
allowing for the generation of motoneurons that express Foxp1, and the caudal 
LMC determinant Hoxc8. Specification of forelimb digit-innervating motoneurons 
requires Hoxc8 and Hoxc9 and evasion of RA signaling, as elevation of RA signal-
ing represses digit motoneuron specification. Analysis of digit motoneuron specifi-
cation have revealed how changes in the levels and activities of Hox proteins can 
contribute to the evolutionary diversification of neuronal subtypes.

�Divergence of Axial Motoneuron Specification Programs in Fish

In most species of fish, forward propulsion is governed by motoneurons that inner-
vate axial muscle (Fetcho 1987; Romer and Parsons 1977). Although used for dis-
tinct motor behaviors, the axial motoneurons of fish and tetrapods share common 
early developmental programs, including reliance on Mnx1 and Lim HD proteins 
for the specification of motoneuron class identity. Despite sharing some common 
specification programs, zebrafish has diverged significantly from mammals, partic-
ularly in the programs specifying the subtype identities of axial muscle-innervating 
motoneurons.

In contrast to the motoneurons of tetrapods, axial motoneurons of zebrafish lack 
a clear somatotopic organization that relates cell body position to muscle target 
specificity. Despite the absence of an obvious somatotopic organization, zebrafish 
axial motoneurons are functionally organized along the dorsoventral axis. This 
organization is associated with how motoneurons are recruited at specific swim-
ming speeds. Axial motoneurons active during slow swimming speed reside ven-
trally in the spinal cord, motoneurons recruited at fast swimming speeds are located 
dorsally, while motoneurons involved in intermediate speeds are positioned between 
fast and slow motoneurons (Ampatzis et al. 2013; Liu and Westerfield 1988; McLean 
et al. 2007).

Unlike mammals and birds, where all motoneurons are generated during a single 
wave of neurogenesis, zebrafish motoneurons are generated over two waves, termed 
primary and secondary. Studies of motoneuron specification in zebrafish have 
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largely focused on the four primary motoneuron types: the dorsal rostral primary 
(dRoP), ventral rostral primary (vRoP), caudal primary (CaP), and middle primary 
(MiP) neurons. dRoP and MiP motoneurons are similar to MMC neurons, in that 
they project to muscles located dorsal to the horizontal myoseptum, while CaP and 
vRoP project ventrally. However, unlike tetrapod MMC and HMC neurons, zebraf-
ish primary motoneuron types cannot be distinguished by differential expression of 
Lhx3. Nevertheless, disruption of the core determinants Lhx3/4, Isl1/2, and the 
Mnx1 causes defects in primary motoneuron specification and connectivity. For 
example, loss of Lhx3/4 leads to motoneurons with hybrid motoneuron/interneuron 
fates (Seredick et al. 2014), while loss of Mnx proteins affects the specification of 
MiP motoneurons (Seredick et al. 2012).

Little is known about the specification of the later-born and more numerous sec-
ondary motoneurons (Myers et al. 1986). Secondary axial motoneurons are the most 
diverse, comprising at least 16 distinct subtypes, as classified by electrophysiologi-
cal properties and morphological features (Bello-Rojas et al. 2019; Menelaou and 
McLean 2012). Although markers including Isl1, Isl2, and Mnx proteins can dif-
ferentiate primary motoneuron subtypes, these factors are dynamically expressed 
and cannot distinguish secondary subtypes throughout development (Appel et al. 
1995; Hutchinson et al. 2007; Seredick et al. 2012). Although secondary motoneu-
rons make up the majority of subtypes in zebrafish, and are thought to be more simi-
lar to mammalian motoneurons, very little is known about the intrinsic TF codes 
responsible for their differentiation (Beattie et al. 1997).

Both primary and secondary motoneuron subtypes can be differentiated based on 
several criteria, such as birthdate, soma size, position, presence or absence of intra-
spinal or intermyotomal collaterals, and firing properties (Bello-Rojas et al. 2019; 
Menelaou and McLean 2012). There are three distinct types of firing patterns 
expressed by embryonic zebrafish axial motoneurons, tonic, chattering, and burst 
firing. Tonic firing patterns are specific to primary motoneurons, while chattering 
and burst firing patterns are specific to secondary motoneurons. Each secondary 
motoneuron subtype has a different distribution of these two firing patterns. While 
the distinct physiologic and anatomic features of secondary motoneurons have been 
well-characterized, it is yet unknown whether they reflect the operation of 
motoneuron-intrinsic genetic programs acting during development. Given that axial 
motoneurons are organized by functional attributes (fast, intermediate, and slow), as 
opposed to muscle-target specificity, and are present throughout the rostrocaudal 
axis, it is unlikely that their diversification relies on Hox-dependent differentiation 
programs. As with the differentiation of tetrapod MMC and HMC neurons, zebraf-
ish motoneuron patterning may depend on signaling from the floorplate, or through 
cell-cell interactions between newly born neurons.
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7 � Assembly of Proprioceptive Sensory-Motor Circuits

Coordinate motor behavior depends on the establishment of central connections 
between motoneuron subtypes and premotor spinal and supraspinal circuits. While 
significant advances have been made in deciphering the mechanisms of motoneuron 
diversification and peripheral target specificity, the programs which determine the 
central connectivity of motoneurons are less well defined. Recent technological 
advancements in transsynaptic labeling methods, as well as the ability to selectively 
manipulate motoneuron subtype identities, have enabled investigation into the 
mechanisms of central synaptic specificity in spinal motor circuits. These studies 
provide evidence that motoneurons are not passive participants of motor commands, 
but can play instructive roles in shaping connectivity and activity of motor networks.

One of the most thoroughly studied circuits within the spinal cord is the mono-
synaptic stretch-reflex circuit, consisting of a limb muscle, a pool of alpha-
motoneurons, and type Ia proprioceptive sensory neurons (pSNs) with stretch-sensing 
mechanoreceptor endings embedded within muscle spindles (Fig.  6a) (Imai and 
Yoshida 2018; Tuthill and Azim 2018). Despite its apparent simplicity, each motor 
pool receives selective inputs from pSNs that target the same peripheral muscle, 
suggesting a requirement for programs within pSNs to distinguish between different 
motoneuron subtypes. During development, pSN axons navigate through the spinal 
cord, preferentially contacting motoneuron pools innervating the same peripheral 
target, while avoiding motoneurons of functionally antagonist muscles (Eccles et al. 
1957; Mears and Frank 1997). These connections are remarkably selective, as a 
single pSN establishes monosynaptic connections with each of the ~50–300 neu-
rons within a motor pool that supplies the same muscle target (Mendell and 
Henneman 1968). Connections between pSNs and motoneurons appear to be estab-
lished independent of patterned neural activity (Mendelsohn et al. 2015; Mendelson 
and Frank 1991), suggesting pSN-motoneuron matching relies on genetic programs 
operating during neural development. An important and still largely unanswered 
question is whether pSNs acquire molecular features that allow them to recognize 
specific motoneuron subtypes.

Fig. 6  (continued) and have central connections to alpha motoneurons that target the same muscle. 
A central connection between a flexor motoneuron and pSN is shown. Flexor pSNs synapse onto 
to flexor motoneurons, but not extensor motoneurons. (b) Consequences of Foxp1 mutation on 
sensory-motor connections. In Foxp1 mutants, motor pool organization is disrupted. Individual 
motoneurons can still target limb muscles their position is disorganized in Foxp1 mutants. 
Nevertheless, pSN still project to the same dorsoventral domain in the ventral spinal cord. (c) 
Effect of Hoxc9 mutation on sensory-motor connections. In Hoxc9 mutants, ectopic LMC neurons 
are generated in thoracic segments and innervate hypaxial muscle. In Hoxc9 mutants, limb-inner-
vating pSNs project to, and form synapses on thoracic LMC neurons. (d) Coordinate Hox function 
in proprioceptive sensory-motoneuron connectivity. The same Hox genes expressed in motoneu-
rons are selectively expressed by pSNs. Summary of Hoxa5 and Hoxc8 in brachial LMC neurons 
is shown in the top panels. After conditional deletion of Hoxc8 from pSNs, flexor pSNs form con-
nections with extensor motoneurons
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Fig. 6  Assembly of proprioceptive sensory-motor circuits. (a) Connections in the monosynap-
tic stretch reflex circuit. Type Ia proprioceptive sensory neurons (pSNs) innervate muscle spindles 
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�Specification of Proprioceptor Sensory Neuron Class Identities

Similar to the diversification of spinal motoneurons, pSNs advance through hierar-
chical genetic programs in which expression of specific genes coincides with the 
acquisition of specialized characteristics, including peripheral target specificity, 
central projection pattern, and molecular identity (Dasen 2009; Lallemend and 
Ernfors 2012). Sensory neurons generated at spinal levels derive from migratory 
neural crest cells which coalesce to form dorsal root ganglia (DRG) (Butler and 
Bronner 2015). Most sensory neurons co-express the homeodomain transcription 
factors Isl1 and Brn3a, which are necessary for deployment of pan-sensory neuron 
genetic programs (Dykes et al. 2011).

Proprioceptive sensory neurons can be discriminated from other DRG sensory 
neuron classes by expression of the transcription factors Runx3 and Etv1, the 
neurotrophin receptor Nrtk3, and the calcium binding protein Parvalbumin (PV). 
Genetic studies in mice indicate that Runx3 and Etv1 are essential for establish-
ing and maintaining core features of pSN identity, including their survival and 
ability to extend central axons towards motoneurons (Arber et al. 2000; Inoue 
et al. 2002).

While the transcriptional programs governing features common to all pSNs 
have been characterized, understanding later developmental facets of pSN-moto-
neuron circuit assembly, such as central connectivity with motoneurons, has been 
particularly challenging. In contrast to the topographic organization of motoneu-
rons, pSNs are intermixed with other DRG sensory classes, with no clear organiza-
tional pattern (Honig et al. 1998; Jessell et al. 2011). A dearth of molecular markers 
for more nuanced neuronal features has made it challenging to characterize how 
pSNs and other sensory modalities further diversify into specific subtypes. One 
particular gap in our understanding is how the specificity of central connections 
between pSNs and motoneurons of the same muscle is achieved, since pSN axons 
must distinguish between multiple potential postsynaptic targets within the ventral 
spinal cord.

�Target-Derived Signals Regulate pSN Subtype Identity 
and Connectivity with Motoneurons

In contrast to motoneuron specification, where early developmental features emerge 
largely independent of peripheral cues, pSN subtype specification relies on extrinsic 
signals provided by limb mesenchyme and muscle (Arber 2012; Sharma et al. 2020; 
Wu et al. 2019). Expression of the neurotrophin receptor Nrtk3 renders pSNs sensi-
tive to peripheral neurotrophin-3 (Ntf3) signaling, and both Nrtk3 and Ntf3 are 
essential for the differentiation and survival of pSNs (Chen et al. 2003). Ntf3/Nrtk3 
signaling regulates expression of Etv1 and Runx3, and muscle-by-muscle 
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differences in the level of Ntf3 expression appear to contribute to pSN subtype iden-
tities (de Nooij et al. 2013; Patel et al. 2003; Wang et al. 2019). In addition, signals 
originating from the limb mesenchyme can trigger expression of genes that mark 
muscle-specific pSN subtypes (Poliak et al. 2016). Although certain features com-
mon to all pSNs have been shown to be limb-independent (Chen et  al. 2002), a 
predominant mechanism of pSN fate specification appears to be through muscle-
specific cues.

Target-derived signals also regulate aspects of motoneuron pool identity, and can 
contribute to the specificity of connections between motoneurons and pSNs. 
Expression of the transcription factor Pea3 is induced in brachial and lumbar LMC 
neurons by limb-derived neurotrophins. In the absence of Pea3 function, pSNs tar-
get inappropriate motoneuron subtypes (Livet et  al. 2002; Vrieseling and Arber 
2006). Pea3 regulates expression of the guidance receptor ligand Sema3e, and in 
Sema3e mutants, pSNs target inappropriate motoneurons (Fukuhara et  al. 2013; 
Pecho-Vrieseling et  al. 2009). Although target-induced expression of guidance 
determinants is one strategy for controlling specificity in reflex circuits, they appear 
to operate in only a limited number of motoneuron pools.

�Roles of Motoneuron Subtype Identity in Sensory-Motor 
Circuit Assembly

While studies of Pea3 function indicate that motoneuron identity can influence sen-
sory -motor connectivity, some aspects appear to be motoneuron-independent. 
Mutation in the Hox-dependent transcription factor Foxp1 strips LMC neurons of 
motor pool-specification programs, and while motoneurons are still able to inner-
vate muscle, motor axons select targets in a stochastic manner (Dasen et al. 2008; 
Rousso et  al. 2008). Nevertheless, pSNs project to the appropriate dorsoventral 
position within the ventral spinal cord and synapse with motoneurons (Surmeli 
et al. 2011). These observations suggest that pSNs can project to specific regions 
within the ventral spinal cord in the absence of motoneuron subtype-specific cues 
(Fig. 6b). An interpretation of these findings is that one function of motoneuron 
topographic organization is to ensure the alignment of sensory central afferents with 
the corresponding motoneuron pools. Additional studies on the connections estab-
lished between pSNs and spinal interneurons reinforce the idea that target cell posi-
tion is involved in establishing synaptic specificity in spinal circuits (Bikoff et al. 
2016; Tripodi et al. 2011).

Studies of Foxp1 mutants suggest that motoneuron-derived cues do not play an 
instructive role in determining the dorsoventral targeting of pSN within the ventral 
spinal cord. However, because motoneurons are stripped of all LMC-specific fea-
tures, it leaves open the possibility that pSNs are capable recognizing molecular 
differences among LMC neurons. In particular, the targeting of a pSN to its appro-
priate motor pool presumably also relies on the recognition of differences in 
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motoneurons along the rostrocaudal axis. One way to test this would be to extend 
the rostrocaudal domain of motoneuron pools, and assess the impact on pSN-
motoneuron connectivity. Mutation in the Hoxc9 gene transforms thoracic moto-
neurons to a limb-level LMC fate, and extends the domain of Hoxc8+ motor pools 
into thoracic segments. In Hoxc9 mutants, transformed thoracic motoneurons 
receive input from forelimb-innervating pSNs (Fig. 6c) (Baek et al. 2017). Thus, 
while the dorsoventral targeting of pSNs in the spinal cord may be motoneuron 
independent, the selection of termination zones along the rostrocaudal axis appears 
to depend on recognition of Hox-mediated differences in motoneuron subtype 
identity.

�Evidence for Coordinate Regulation of pSN-Motoneuron 
Connectivity by Hox Genes

While studies suggest that Hox-dependent programs are essential in motoneurons 
for aspects of sensory-motor specificity, whether pSNs acquire muscle-specific 
molecular features similar to those of motoneurons is not fully known. Hox expres-
sion in pSNs also displays segmentally-restricted patterns, paralleling the rostrocau-
dal profiles of Hox genes in motoneurons (Shin et al. 2020). Proprioceptive sensory 
neurons may therefore use similar diversification programs as motoneurons. For 
example, the Hoxc8 gene is expressed by LMC neurons targeting distal forelimb 
muscle, and is also expressed by pSNs targeting similar muscle groups (Fig. 6d). 
Expression of Hox genes in sensory neurons also does not appear to require limb-
derived cues, as limb ablation experiments in chick do not affect Hox expression in 
pSNs (Shin et al. 2020). Hox activity in pSNs may therefore operate to provide a 
limb-independent mechanism of neuronal diversification.

Genetic studies in mice reveal that Hoxc8 activity in pSNs contributes to sensory-
motor synaptic specificity. Deletion of Hoxc8 selectively from SNs does not affect 
neuronal survival or prohibit the ability of pSNs to target the correct forelimb mus-
cle. However, in Hoxc8 sensory mutants, flexor pSNs make inappropriate connec-
tions with extensor motoneurons (Shin et al. 2020). Similar defects in sensory-motor 
matching is observed when Hoxc8 is deleted from motoneurons. These observations 
suggest that the coordinate activity of Hox genes in pSNs and motoneurons, acting 
in conjunction with muscle-derived cues, contributes to synaptic specify in sensory-
motor circuits. The specificity of pSN-motoneuron connections has been shown to 
correlate with the relative approach angles between pSN central axons and moto-
neuron dendrites (Balaskas et al. 2019). Sensory axons approach the dendrites of 
motoneurons targeting the same muscle at small angles, relative to the approach 
angle to dendrites of other motoneuron subtypes, suggesting the angle of axo-
dendritic approach contributes to connection specificity. Loss of pSN-motoneuron 
alignment may account for the sensory-motor mismatch observed in both motoneu-
ron and pSN-restricted Hoxc8 mutants.
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Centrally, pSNs establish connections with a variety of postsynaptic targets, 
including local spinal and projection interneurons that relay proprioceptive infor-
mation to the brain (Bermingham et al. 2001; Bikoff et al. 2016; Koch et al. 2017; 
Tripodi et al. 2011; Yuengert et al. 2015). The same Hox genes expressed by pSNs 
and motoneurons are also expressed by multiple classes of spinal interneurons, sug-
gesting Hox proteins play a broader role in shaping synaptic specificity within the 
spinal cord. Consistent with this idea, both long ascending spinocerebellar and 
local-circuit spinal interneurons require Hox function to generate molecularly dis-
tinct subtypes at cervical and thoracic levels (Baek et al. 2019; Sweeney et al. 2018). 
These observations suggest that the same Hox gene can act in multiple neuronal 
classes during development, implying a coherent molecular strategy for wiring the 
circuits essential for motor control.

8 � Motoneurons as Regulators of Circuit Assembly 
and Function

Dedicated circuits contained within the vertebrate brainstem and spinal cord are 
capable of generating rhythmic patterns of motoneuron activation essential for basic 
motor functions such as walking and breathing. In the circuits controlling locomo-
tion, the rhythm and pattern of motoneuron activity is facilitated by central pattern 
generators (CPGs) composed of multiple classes of excitatory and inhibitory spinal 
interneurons (Grillner 2006; Grillner and Jessell 2009). In tetrapods, spinal locomo-
tor CPGs coordinate alternating patterns of motoneuron firing across the left and 
right side of the spinal cord (L-R CPG) as well as reciprocal activation extensor and 
flexor motoneurons (E-F CPG). The spinal interneurons required for the pattern of 
CPG output in fictive locomotor preparations are well-defined (Goulding 2009; 
Kiehn 2016). Left-right alternation relies on V0-class interneurons which cross the 
midline and inhibit the contralateral CPG (Lanuza et al. 2004; Talpalar et al. 2013). 
Coordination of extensor-flexor motoneuron activity requires V1 and V2b class 
inhibitory interneurons (Britz et  al. 2015; Zhang et  al. 2014). Several additional 
classes of genetically defined spinal interneurons are essential to determine the 
robustness of CPG output as well as modulating motoneuron firing at different loco-
motor speeds (Kiehn 2016).

While the identity and function of the spinal interneurons involved in locomotor 
CPGs have been elucidated, how these premotor populations engage specific moto-
neuron subtypes is less well understood. Because a single motoneuron can receive 
inputs from a variety of presynaptic neuronal classes, and there are dozens of dis-
tinct motoneuron subtypes, it has been challenging to determine whether there are 
rules that govern connectivity between spinal motoneuron subtypes and locomotor 
CPG interneurons. One possible solution could be through generating interneurons 
of a similar diversity to that of motoneurons. Evidence in support of this idea has 
come from recent studies on the diversification of spinal interneuron subtypes, 
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revealing a remarkable degree of molecular heterogeneity within a single interneu-
ron class (Bikoff et al. 2016; Griener et al. 2015; Hayashi et al. 2018).

Evidence suggesting a role for motoneuron subtype identity in the assembly of 
locomotor circuits has emerged from studies examining the distribution of interneu-
rons that directly synapse onto motoneurons. The development of transynaptic trac-
ing methods has enabled the mapping the distribution of inputs onto motoneurons 
(Esposito et  al. 2014; Stepien et  al. 2010). Analyses of the patterns of premotor 
connectivity have revealed marked differences in the types and distribution of inter-
neurons that motoneuron subtypes engage. LMC neurons receive inputs that are 
largely biased towards spinal inhibitory interneurons localized ipsilaterally (Fig. 7a) 
(Goetz et al. 2015). In contrast, motoneurons projecting to axial muscles, including 
those located in the MMC and HMC, receive inputs that are evenly distributed 
across both sides the spinal cord, with a bias towards contralateral populations. 
Although interpretation of these findings is constrained by the inherent inefficiency 
of transsynaptic labeling methods, these observations suggest there are differences 
in the distribution of premotor interneurons that specific motoneuron columnar sub-
types are connected with.

Differences in the distribution of premotor interneurons are also for observed for 
inputs onto motor pools that occupy specific regions within the LMC. Motoneurons 
situated ventromedially receive a greater proportion of inputs from contralateral 
premotor interneurons than motoneurons projecting to distal limb muscles, which 
are dorsolaterally positioned (Goetz et al. 2015). A suggested possible mechanism 
for these biases is through the configuration of motoneuron dendrites. MMC neu-
rons, which are positioned medially, have dendrites which extend across the midline 
and can captures a greater proportion of input originating from contralateral inter-
neuron populations. Recent studies also suggest a bias in the types of local interneu-
rons that synapse onto motoneurons projecting to extensor and flexor muscles, 
which could similarly reflect differences in motoneuron position and/or dendritic 
morphology (Britz et  al. 2015). Given that motor pool-restricted factors such as 
Pea3 are known influence the pattern of motoneuron dendritic morphology 
(Vrieseling and Arber 2006), inputs from premotor interneurons could be shaped by 
both the positional and architectural features of motoneurons.

Motoneuron subtype identity has also been shown to influence activity of loco-
motor CPGs. The role of motoneurons subtype identity has been examined using 
mouse mutant lines in which motoneuron identities have been genetically trans-
formed (Hinckley et al. 2015; Machado et al. 2015). Removal of Foxp1 from moto-
neurons leads to an LMC to HMC transformation, but these motoneurons still target 
limb muscles. In motoneuron-specific Foxp1 mutants, basic features of the CPG are 
retained, including normal rhythmic bursting patterns and left-right alternation. By 
contrast the output pattern from the E-F CPG is disrupted, reverting to a predomi-
nantly flexor-like state (Hinckley et  al. 2015; Machado et  al. 2015). In Foxp1 
mutants, transformed LMC populations are also shifted to a more ventromedial 
position. This raised the possibility that the defects in Foxp1 mutants are due to 
changes in premotor connectivity as a consequence of altered motoneuron position. 
This idea was tested by misexpressing Lhx3 neurons in all motoneurons, a 
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Fig. 7  Motoneurons in the development of locomotor circuits. (a) Pattern of premotor inputs 
onto LMC and MMC/HMC subtypes. LMC premotor interneurons are localized predominantly on 
the ipsilateral side of the spinal cord, whereas interneurons synapsing onto MMC and HMC neu-
rons are equally distributed on both sides of the cord. Darker color shading indicates higher density 
of premotor inputs. (b) Effect of Hoxc9 mutation on the distribution of premotor inputs. In Hoxc9 
mutants, thoracic HMC neurons are converted to an LMC fate. Ectopic LMC neurons project to 
intercostal muscle in Hoxc9 mutants and dendritic morphology of thoracic motoneurons is altered. 
Thoracic motoneurons receive a higher distribution of inputs from ipsilateral premotor interneu-
rons in Hoxc9 mutants

manipulation that suppresses LMC differentiation and promotes an MMC identity 
(Dasen et  al. 2008; Sharma et  al. 2000). Many of these ectopic MMC neurons 
occupy the same position as LMC neurons, but still display a predominantly 
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flexor-like motoneuron bursting pattern (Hinckley et al. 2015). These observations 
suggest that position alone is not sufficient to determine the E-F pattern of motoneu-
rons firing.

In addition to determining the pattern of output from E-F CPGs, motoneurons 
have also been demonstrated to retrogradely influence the firing properties of excit-
atory premotor interneurons. In zebrafish, motoneurons involved in slow, intermedi-
ate, a fast swimming have been shown to be connected to interneurons via gap 
junctions (Song et al. 2016). A major excitatory input to motoneurons derives from 
V2a interneurons that form monosynaptic connections with motoneurons, and V2a 
interneurons are key components of the rhythm-generating networks that drive 
zebrafish locomotion (Ampatzis et  al. 2014; El Manira 2014). Interestingly, gap 
junctions occur not only between V2a and motoneurons, but also between groups of 
V2a neurons and groups of motoneurons. Hyperpolarization of motoneurons 
increases the firing threshold and decreases the firing frequency of V2a interneu-
rons. Conversely, depolarization of motoneurons decreases V2a thresholds and 
increases their firing frequency. Backward propagation of electrical signals from 
motoneurons can a have important influence on the activities of CPG circuits, by 
setting the firing threshold and properties of excitatory V2a interneurons. In mam-
mals, motoneurons have also been demonstrated to provide feedback to regulate the 
CPG rhythm in fictive locomotor assays, but not through gap junctions between 
motoneurons and interneurons (Falgairolle et al. 2017).

While studies show that motoneurons play an instructive role in defining func-
tional properties of locomotor networks, the role of motoneuron identity in spinal 
circuit assembly has remained unclear. Similar to their roles in shaping the specific-
ity between pSNs and motoneurons, Hox-dependent programs also can regulate the 
patterns of connectivity between spinal interneurons and motoneuron subtypes. 
After global or motoneuron-restricted removal of Hoxc9, which transforms thoracic 
HMC and PGC neurons to an LMC fate, the pattern of premotor inputs to these fate-
transformed thoracic motoneurons is markedly altered (Baek et al. 2017). The dis-
tribution of intercostal premotor interneurons shifts to an ipsilateral bias, similar to 
patterns normally observed for limb-innervating LMC motoneurons (Goetz et al. 
2015). These changes do not appear to be due to peripheral signals provided by the 
limb, indicating motoneuron-intrinsic programs regulate connectivity between spi-
nal interneurons and columnar subtypes. Mutation in Hoxc9 also alters the settling 
position and dendritic architecture of transformed motoneuron populations (Fig. 7b). 
The changes in interneuron premotor distributions in Hoxc9 mutants therefore could 
reflect changes in both the molecular profile and somatodendritic features of moto-
neurons. These results are consistent with the view that aspects motor circuit assem-
bly relies on both positional and molecular recognition cues (Jessell et al. 2011).
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9 � Conclusions

Studies of spinal motoneuron development have provided fundamental insights into 
the molecular programs underlying the diversification and synaptic specificity of a 
single neuronal class. Work on motoneurons has enabled exploration into basic 
questions in developmental neurobiology, such as how multipotent cells interpret 
morphogen gradients, how gene regulatory networks are deployed during differen-
tiation, and how subtype specific gene programs determine neuronal synaptic speci-
ficity. These studies have revealed molecular mechanism that are applicable to other 
classes of neurons in the CNS. Further cross-species analysis, taking advantage of 
the relative simplicity of the neuromuscular system of skates, or the divergent func-
tional organization of motoneurons in zebrafish, should yield novel insights into the 
mechanisms of motoneuron differentiation, and how motoneuron identities shape 
circuit assembly and function.

While modern molecular approaches have enabled unprecedented resolution in 
the characterization of subtype-specific gene expression patterns, there remain sig-
nificant gaps in our understanding of how molecular features of motoneurons con-
tribute to their connections and functional properties. One challenge is that 
motoneurons receive synaptic input from a daunting array of neuronal classes, 
including excitatory and inhibitory spinal interneurons, proprioceptive sensory neu-
rons, neuromodulatory systems, and descending cortical inputs. While the mecha-
nisms of premotor synaptic specificity are still not fully resolved, the ability to 
genetically manipulate motoneuron differentiation programs provides an entry 
point to further resolve how motor circuits are assembled during development. 
Recent findings reveal that the same Hox gene expressed by motoneurons are also 
required for the diversification of interneurons and proprioceptive sensory neurons, 
suggest that the use of a common group of regulatory factors may be an important 
mechanism regulating synaptic specificity in spinal circuits.
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Chloride Homeostasis in Developing 
Motoneurons

Pascal Branchereau and Daniel Cattaert

Abstract  Maturation of GABA/Glycine chloride-mediated synaptic inhibitions is 
crucial for the establishment of a balance between excitation and inhibition. GABA 
and glycine are excitatory neurotransmitters on immature neurons that exhibit ele-
vated [Cl−]i. Later in development [Cl−]i drops leading to the occurrence of inhibi-
tory synaptic activity. This ontogenic change is closely correlated to a differential 
expression of two cation-chloride cotransporters that are the Cl− channel K+/Cl− co-
transporter type 2 (KCC2) that extrudes Cl− ions and the Na+-K+-2Cl− cotransporter 
NKCC1 that accumulates Cl− ions. The classical scheme built from studies per-
formed on cortical and hippocampal networks proposes that immature neurons dis-
play high [Cl−]i because NKCC1 is overexpressed compared to KCC2 and that the 
co-transporters ratio reverses in mature neurons, lowering [Cl−]i. In this chapter, we 
will see that this classical scheme is not true in motoneurons (MNs) and that an 
early alteration of the chloride homeostasis may be involved in pathological 
conditions.

Keywords  Chloride co-transporters (CCCs) · KCC2 · NKCC1 · ALS disease · 
SOD1G93A mouse; time course · Inhibitory synaptic events · GABA/glycine · 
Patch-clamp · Modelling · Spinal cord motoneuron

1 � Introduction

In the adult mammalian central nervous system (CNS), the two main inhibitory 
transmitters are γ-aminobutyric acid (GABA) in the brain and glycine in the brain-
stem and spinal cord. GABA and glycine open ionotropic GABAA (and GABAC in 
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diencephalic structures (Chebib 2004)) and Gly receptors, respectively. These so-
called inhibitory amino-acids evoke a chloride current that depends on the intracel-
lular chloride concentration [Cl−]i, both receptors being largely permeable to Cl− but 
also, to a lesser extent to HC03

− ions (Bormann et al. 1987). Because [Cl−]i largely 
determines the direction and magnitude of current flow through GABAA and Gly 
channels, the stability of [Cl−]i is important to maintain consistent synaptic inhibi-
tion in the mature CNS. [Cl−]i is regulated by two cation-chloride cotransporters 
(CCCs) that are the Cl− channel K+/Cl− co-transporter type 2 (KCC2) (Payne et al. 
1996), preferentially in neurons, that extrudes Cl− ions using the K+ gradient (Rivera 
et al. 1999), and the Na+-K+-2Cl− cotransporter NKCC1, found in nearly all cell 
types, that accumulates Cl− ions using the Na+ gradient (Russell 2000) imposed by 
the Na+-K+ ATPase (Lees 1991). Both KCC2 and NKCC1 messenger RNAs are 
widely expressed in the CNS (Kanaka et al. 2001). KCC3, which belongs to the four 
outwardly directed K+-Cl− cotransporters KCC1–4, is also described as playing a 
major role in GABAergic/glycinergic transmission in adult sensory neurons (Lucas 
et al. 2012). Water is transported with cations and Cl− by CCCs and water move-
ment contributes to the free energy of Cl− transport (Zeuthen 2010). [Cl−]i is not 
solely determined by transport activity but also by local impermeant anions mainly 
present in the cytoplasmic nuclear nucleic acids and polysulfated proteoglycans 
located in the extracellular matrix (Glykys et  al. 2014). Other mechanisms have 
been reported in the control of [Cl−]i in CNS neurons such as Na+-dependent and 
Na+-independent anion exchangers (NDAE and AE, respectively). The anion 
exchanger AE3 that moves chloride into the cell as it expels bicarbonate is expressed 
in the brain and AE3-knockout mice are more sensitive to seizure-inducing agents 
(Hentschke et  al. 2006). The HCO3− current across GABAA or Gly receptors is 
depolarizing in all neurons, the equilibrium potential of HCO3− ions being fixed by 
pH requirements. Interestingly, the cytosolic carbonic anhydrase (CA) isoform 
CAVII that converts CO2 into HCO3

− (and protons) is upregulated in the brain dur-
ing development (Rivera et al. 2005), possibly rendering GABAergic transmission 
excitatory in mature neurons in case of massive activation of GABAA receptors 
(Ruusuvuori et  al. 2004). Hence, many other various regulatory mechanisms, 
including those mediated by plasma membrane Cl− channels and transporters, are 
involved in the regulation of [Cl−]i (Rahmati et al. 2018).

In this chapter we will consider KCC2 and NKCC1 as being the primary cation-
chloride cotransporters (CCCs) in CNS neurons that converts excitatory GABA/
glycine responses of immature neurons to inhibitory responses in mature neurons. 
After giving a rapid overview of the molecular properties of these chloride co-
transporters, we will present their involvement in the maturation of chloride homeo-
stasis in rodent  spinal motoneurons and the associated functional consequences. 
The involvement of these chloride co-transporters in the amyotrophic lateral sclero-
sis disease affecting the motoneuron will be presented in a third part.
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2 � NKCC1 and KCC2 Molecular Properties

NKCC1 is one of the two isoforms of the Na+-K+-Cl- cotransporter (NKCC) protein 
found in all cell types, NKCC2 being specific to the kidney (Russell 2000). Three 
phosphoacceptor sites were identified in the N-terminal domain of the protein 
NKCC1 (at Thr184, Thr189, and Thr202), Thr189 being necessary for activation of 
the protein, whereas phosphorylation at Thr184 and Thr202 being modulatory 
(Darman and Forbush 2002).

Phosphorylation of S940 (Silayeva et al. 2015) and dephosphorylation of T906/
T1007 (Moore et al. 2018; Watanabe et al. 2019) are essential for the potentiation of 
its activity. In addition, it has been established that the mammalian KCC2 (alias 
Slc12a5) gene generates a novel KCC2a isoform that differs from the only previ-
ously known KCC2 isoform (now termed KCC2b) by 40 unique N-terminal amino 
acid residues (Uvarov et al. 2007). Like KCC2b, the expression of KCC2a mRNA 
is restricted to CNS neurons. In the cortical cultures KCC2b is likely responsible for 
the extensively studied “developmental shift” from depolarizing to hyperpolarizing 
GABAergic responses because GABAergic responses remain depolarizing from 
KCC2 knockout mice (Zhu et al. 2005), which are now known to lack KCC2b only 
(Uvarov et al. 2007).

3 � Chloride Homeostasis in Developing Motoneurons

�Anatomical Maturation of CCCs

The classical scheme built from studies performed on cortical and hippocampal 
networks proposes that, in immature neurons, NKCC1 is highly expressed com-
pared to KCC2 and therefore [Cl−]i is high, leading to excitatory GABAergic effects, 
and that in mature neurons the co-transporter ratio is reversed leading to lower [Cl−]i 
and inhibitory GABAergic effects (Ben-Ari 2014; Owens and Kriegstein 2002; 
Watanabe and Fukuda 2015; Come et al. 2019; Fukuda 2020). KCC2a protein level 
is important around birth and becomes reduced in adult brainstem and spinal cord, 
most of the KCC2 protein being of the KCC2b isoform (Uvarov et al. 2009). In 
brainstem region it has been shown that monomeric KCC2 is present in immature 
neurons whereas KCC2 oligomers with molecular masses of ~270, ~400, and 
~500 kDa are identified in the mature neurons (Blaesse et al. 2006). The KCC2a 
isoform is expressed in brainstem regions containing neuronal populations involved 
in respiration and is important for establishing proper breathing behavior at the time 
of birth (Dubois et al. 2018). In spinal cord motoneurons (MNs) little data on the 
maturation of ECl during perinatal stages were available (Wu et  al. 1992; Jean-
Xavier et al. 2006; Stein et al. 2004).

In the spinal cord, the exploration of the maturation of KCC2 and NKCC1 
between embryonic (E) stage 11.5 (E11.5) and birth, i.e. postnatal (P) stage 0 (P0), 
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Fig. 1  Embryonic maturation of KCC2 and NKCC1 at lumbar level. (a1) KCC2-ir on a fron-
tal section of lumbar spinal cord at E11.5. Note that the staining is restricted to the ventro-lateral 
grey matter in the ventral horn (vh). (a2) at E12.5, KCC2-ir has expanded to the whole ventral grey 
matter. (a3) at E13.5, the KCC2-ir may be detected in the dorsal zone and in dorso-medial areas. 
(a4) at E14.5, the whole grey matter shows KCC2-ir with a stronger staining in ventral areas com-
pared to the dorsal one. (a5–a6) from E16.5 to P0, KCC2-ir spreads across the entire grey matter. 
(b1) at E11.5, NKCC1-ir is detected in the ventro-lateral and dorso-lateral grey matter and in the 
marginal zone. The inset, on the bottom right hand corner shows, as for all panels, a higher magni-
fication of the NKCC1 staining within the motoneuronal area corresponding to boxed areas drawn 
on the global view. (b2–b3) from E12.5 to E13.5, the NKCC1 staining remains stable in the ventral 
area whereas immunoreactivity progressively invades the entire dorsal zone. (b4–b6) from E14.5 
to P0, NKCC1-ir remains detectable in the ventral horn but appears stronger in the dorsal area. 
Staining was performed with the monoclonal T4 antibody. Scale bar = 100 μm. cc central canal, dh 
dorsal horn, mz marginal zone, v ventricle, vh ventral horn, vz ventricular zone. (c) and (d) quanti-
tative analysis of KCC2- (c) and NKCC1-ir (d) in the ventral zone. Note that the intensity of both 
KCC2 and NKCC1 staining remains stable in the lumbar ventral area during ontogeny (no statisti-
cal difference between stages, One Way ANOVA). Each histogram corresponds to 4–12 prepara-
tions. (Data are means ± S.E.M. Modified from Delpy et al. 2008)

using immunohistochemistry and an anti-KCC2pan that does not differentiate 
between KCC2a and KCC2b (Markkanen et al. 2014), shows that the KCC2 protein 
is detected as early as E11.5, like the NKCC1 protein, in the ventral motor net-
works, and that both CCCs exhibit a constant staining over development in this area 
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(Delpy et al. 2008) (Fig. 1). The KCC2 immunoreactivity (ir) (KCC2-ir) is therefore 
quite comparable in immature and mature motor networks of the spinal cord. An 
early detection of KCC2-ir as well as NKCC1-ir is also found in the embryonic 
chicken spinal motor circuit with a differential expression in the medial and lateral 
division of the lateral motor column (LMC) (Law et al. 2014). Remarkably, the high 
expression of NKCC1 at early stages may be responsible for the elevated [Na+] (~ 
60 mM) detected in mid-embryonic chicken MNs compared to late-embryonic MNs 
(~ 30 mM) (Lindsly et al. 2017).

Brainstem structures are also enriched with KCC2 at early stages. KCC2-ir is 
densely found in the mouse pre-Bötzinger complex at E18.5, a brainstem respira-
tory region (Chapuis et al. 2014). Interestingly, neonatal and adult neurons of the rat 
lateral superior olive (Blaesse et al. 2006) and cochlear nucleus (Vale et al. 2005) 
exhibit a similar KCC2-ir.

�Modulation of the Chloride Homeostasis 
in Developing Motoneurons

The lifetime of the KCC2 transporter is >4 h (Puskarjov et al. 2012) whereas KCC2 
turn-over rate measured on HEK-293 cell membranes (Lee et al. 2007) or hippo-
campal slices (Rivera et al. 2004) is in the range of 20–30 min. KCC2 surface stabil-
ity is therefore far from being static and identifying signaling pathways and 
molecular partners that control this stability is central in order to better understand 
pathological changes in relation to changes in the excitation/inhibition balance. 
KCC2 expression and function can be rapidly modulated via large number of sig-
naling pathways including Brain-Derived Neurotrophic Factor (BDNF), Insulin-
Like Growth Factor1 (IGF-1), and Neurturin, the regulatory effects of BDNF on 
KCC2 being the most thoroughly characterized (Medina et al. 2014). In developing 
hippocampal neurons BDNF strongly increases KCC2 mRNA (Aguado et al. 2003; 
Ludwig et al. 2011) whereas in mature neurons BDNF decreased KCC2 mRNA and 
protein (Rivera et al. 2004), KCC2 phosphorylation (Wake et al. 2007) and KCC2 
surface expression (Boulenguez et al. 2010; Wake et al. 2007). In the developing 
mouse spinal cord, KCC2 is expressed at early stages in the motoneuronal area 
(Fig. 1). Using organotypic cultures of E11.5 mouse spinal cords, we found that 
applying the BDNF scavenger (TrkB-IgG) does not prevent the early KCC2 expres-
sion, indicating that it does not rely on BDNF (Allain et al. 2015). Other potentials 
candidates are GABA and glycine that are expressed early in development (Allain 
et al. 2004, 2006). These classical neurotransmitters may interact with NKCC1 and/
or KCC2 and play a trophic role during development. GABA appears essential for 
the development of KCC2-dependent inhibition in the cortex and retina. In fact, 
GABAergic activity modulates the mRNA levels or protein levels of KCC2, whose 
expression correlates with the switch between excitatory to inhibitory GABAergic 
effect (Ganguly et al. 2001; Leitch et al. 2005). In mouse spinal motoneuronal net-
works, GABA is not involved in the maturation of KCC2. Blocking GABAAR with 
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Gabazine does not affect the maturation of KCC2 in organotypic cultures of E11.5 
spinal cord (Allain et al. 2015). Glycine, however, through non-synaptic release, is 
necessary for the maturation of the KCC2 protein but not the NKCC1 protein 
(Allain et al. 2015).

Different receptors are involved in KCC2 regulation including group I mGluR, 
5-HT2AR, A3AR, OXTR, α1-Adrenergic R, mAchR (Mahadevan and Woodin 2016). 
In the postnatal P5-P7 rat lumbar spinal MNs, the 5-HT2A agonist TCB-2 rescues 
the Cl− homeostasis defects in SCI model by hyperpolarizing inhibitory postsynap-
tic potentials (IPSPs) (Bos et al. 2013). In the embryonic E17.5 mouse lumbar spi-
nal MNs, 5-HT strongly hyperpolarizes the EGABAAR by interacting with KCC2 
(Martin et al. 2020).

�Functional Consequences

Gramicidin perforated patch-clamp recording that preserves physiological [Cl−]i 
indicates that EGABAAR is very depolarizing in mouse lumbar spinal MNs at early 
developmental stages (E13.5) and drops after E15.5 (Delpy et al. 2008) (Fig. 2). 
EGABAAR is equivalent to ECl because Cl− ions are mainly involved in GABAAR cur-
rents in fetal MNs (Bormann et  al. 1987; Gao and Ziskind-Conhaim 1995). 
Therefore, [Cl−]i that is calculated from the Nernst equation and the experimentally 

Fig. 2  Embryonic maturation of GABAAR-related effects on membrane potential. (a1, b1) 
perforated-patch-clamp recordings showing currents evoked by brief application of isoguvacine, 
from different holding potentials, at E13.5 (a1) and E16.5 (b1). Current versus voltage plots 
(same  neurons shown in a1 and b1) allowing calculation of GABAAR equilibrium potential 
(EGABAAR): −33 mV at E13.5 (a2) and −50 mV at E16.5 (b2) (measured by linear regression analy-
sis, r2 > 0.96 in both cases). (c) evolution of EREST (blue circles), spike threshold (yellow triangles) 
and EGABAAR (black circles) in motoneurons during embryonic development. From E13.5 to E15.5, 
spike threshold and EGABAAR are not significantly different (non parametric unpaired t test), whereas 
from E16.5 to birth (P0), EGABAAR is significantly lower that spike threshold (**P  <  0.01; 
***P < 0.0001). Data are means ± S.E.M. (Modified from Delpy et al. 2008)
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Fig. 3  Mechanisms underlying the developmental shift the GABAAR/GlyR responses in the 
mouse spinal cord. (a) before E15.5, both KCC2 and NKCC1 are active and [Cl-]i is high. 
Therefore, the activation of Cl−-gated receptors induces a large outward chloride current that depo-
larizes the membrane and triggers action potentials (see inset, right upper corner). (b) between 
E16.5 and E18.5, [Cl-]i is reduced due to a decrease of the NKCC1 efficacy. At these stages, 
although the activation of GABAAR and GlyR leads to depolarization, no action potential is elic-
ited (inset). (c) at birth, NKCC1 has lost its efficiency and only the chloride extruder KCC2 
remains functional; lowering [Cl-]i. Inset: around resting potential (EREST −70 mV), the activation 
of GABAAR/GlyR does not modify the membrane potential. (Modified from Delpy et al. 2008)

assessed ECl value, exhibits a dramatic reduction from 30 to 8 mM between E13.5 
and P0 (Delpy et al. 2008).

Both co-transporters KCC2 and NKCC1 are involved in the control of [Cl−]i in 
mouse spinal embryonic MNs and the relative efficacy of NKCC1 and KCC2 
changes as the animal matures: the chloride extruder KCC2 is active in immature 
and in behaviorally mature spinal networks while NKCC1 becomes inefficient dur-
ing maturation. In the mouse spinal cord, ECl maturation is related to a NKCC1 
inactivation after E15.5 and KCC2 becomes mainly responsible for ECl values after 
this stage (Delpy et al. 2008) (Fig. 3).

Stil and collaborators show that the maturation of chloride homeostasis is not 
completed at birth in rat lumbar MNs and that the upregulation of KCC2 plays a key 
role in the shift from depolarizing to hyperpolarizing IPSPs (Stil et  al. 2009). 
Between P0 and P7 ECl, obtained by assessing the reversal of inhibitory postsynap-
tic potentials (EIPSP), becomes ~8 mV more hyperpolarized (Fig. 4). Interestingly, 
because the resting membrane potential (EREST) remains stable between P0 and P7, 
EIPSP is described as being depolarizing in the P0-P3 developmental time windows 
before becoming hyperpolarizing at P7 (Fig. 4). Depolarizing EGABA is also described 
in mouse spinal MNs at P1-P3, before dropping to EREST level at P8-P11 (Stein 
et al. 2004).

KCC2 Knockout mice die at birth due to respiratory insufficiency highlighting 
the importance of this neuronal CCC in the maintenance of inhibition in postnatal 
neuronal networks (Hubner et  al. 2001). As we have seen KCC2 expression is 
developmentally regulated. KCC2 overexpression reverses the neuronal Cl− gradi-
ent and results in fewer mature spontaneously active spinal neurons, more immature 
silent neurons, and disrupted motor activity as demonstrated in developing zebrafish 
(Reynolds et al. 2008). This indicates that Cl−-mediated excitation plays a role in 
promoting neurogenesis.

Chloride Homeostasis in Developing Motoneurons
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Fig. 4  Inhibitory postsynaptic potentials (IPSPs) become hyperpolarizing during the first 
postnatal week. (a) IPSPs evoked by ventral funiculus (VF) stimulation (arrow) at different hold-
ing potentials in a lumbar MN at P0. Conventional intracellular recordings. At the resting mem-
brane potential (EREST; −71.6  mV), the evoked IPSP is depolarizing. (b) Amplitude of IPSPs 
plotted against holding potential giving a reversal potential of the IPSP (EIPSP) at −62.6 mV. (c) The 
EIPSP is significantly more hyperpolarized at P4–5 than at P0–3 (P  <  0.001, one-way ANOVA, 
Tukey post-test). (d) The resting membrane potential (EREST) is not statistically different 
(∼ −72  mV) in the three age groups. (e) Amplitude of depolarizing or hyperpolarizing IPSPs 
recorded at EREST (P < 0.001 between P0–3 and the other two groups, one-way ANOVA, Tukey 
post-test). (Modified from Stil et al. 2009)

Whereas NKCC1 plays a role in maintaining a depolarizing ECl in immature 
mouse lumbar spinal MNs (Delpy et  al. 2008), in the auditory brainstem MNs 
NKCC1 mRNA is not detected during the depolarizing phase, implying that this 
transporter does not contribute to the high [Cl−]i in this brain area (Balakrishnan 
et al. 2003). Similarly, NKCC1 does not serve to accumulate chloride in immature 
retinal neurons (Zhang et al. 2007). What other transporter may be involved in creat-
ing a depolarized ECl in immature brainstem MNs? One candidate is the Cl−/HCO3− 
exchanger AE3. Physiological data collected by P. Wenner’s lab indicate that, in 
addition to NKCC1, the anion exchanger AE3 is likely to contribute to chloride 
accumulation in embryonic MNs (Gonzalez-Islas et al. 2009).

ECl values drop in mouse lumbar MNs after E15.5 but the net effect of GABA/
glycine remains largely depolarizing at E17.5 (Delpy et al. 2008), leading to depo-
larizing GABAergic/glycinergic postsynaptic potentials (dGPSPs) composed of an 
initial and inhibitory (shunting) phase, carried by gCl, followed by an excitatory 
phase due to depolarization. While dGPSPs are purely excitatory at E13.5 because 
ECl is highly depolarized at this stage, they become exclusively inhibitory at E17.5 
because ECl has dropped (Branchereau et al. 2016). ECl plays a determinant role in 
the inhibitory/excitatory components of dGPSP because (1) the initial excitatory 
action of dGPSP observed at E13.5 can be experimentally reversed to inhibition if 
ECl is hyperpolarized and (2) the inhibitory GABAAR response observed at E17.5 
can be reversed to excitatory when ECl is experimentally increased (Branchereau 
et  al. 2016) (Fig. 5). As a functional consequence, the ECl values drop in mouse 
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Fig. 5  Time course of the excitatory and inhibitory components of dGPSPs in E13.5 and 
E17.5 neurons according to physiological ECl values. Inhibitory excitatory time course (IETC) 
maps representing the time course (abscissa) of the threshold current (duration: 10 ms) during the 
simulation of a dGPSP in E13.5 (a, ECl −42 mV; c, ECl −66 mV) and E17.5 (b, ECl −66 mV; d, ECl 
−55 mV) neuron models as measured for a series of ERest (ordinate). Horizontal dashed lines rep-
resent the average of physiological ERest. Vertical black dashed lines represent the simulated dGPSP 
peak. The magnitude of the excitatory (red colors) and inhibitory (cyan colors) effects is indicated 
by the color scale (% of change of the threshold current, see bottom bars for values). Contours are 
disposed at every 1% change. Identical rules hold true in all of the subsequent IETC maps. The 
time course of the simulated dGPSP is presented below each IETC map (same time scale). Blue 
and red dashed vertical lines indicate the maximum excitatory and inhibitory effects, respectively. 
The shape and size of the simulated neurons are presented in the insets on the IETC maps (proxi-
mal portion of the axon in blue). Note that [Cl−]i varies between subcellular regions such as den-
drites, soma or axon (Szabadics et al. 2006; Glykys et al. 2014). Here ECl values are simulated 
based on [Cl−]i assessed in the somatic compartment. (Modified from Branchereau et al. 2016)
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lumbar MNs after E15.5 when spinal motor networks start exhibiting left-right 
alternation in locomotor-like activity due to half-centers organization and commis-
sural inhibition (Branchereau et al. 2000). At E17.5 a clear left-right alternation is 
recorded, indicating that shunting inhibition is operating at this prenatal develop-
mental stage. ECl values also drops when spontaneous network activity vanishes 
(Yvert et al. 2004), indicating that the NKCC1-related elevated [Cl−]i detected in 
chick embryonic MNs using a chloride sensitive dye (Chub et al. 2006) is closely 
related to the occurrence of spontaneous network activity is immature networks.

During embryonic development, spinal MNs undergo dramatic changes in size 
and passive properties between E13.5 and P0, while spike threshold remains stable 
around −40 mV, resting membrane potential (Em) becomes more hyperpolarized 
from −55 to −70 mV, input resistance (Rin) decreases from ~900 MΩ at E13.5 to 
<200 MΩ after E16.5, membrane capacitance (Cm) increases continuously during 
the course of embryonic development from <30 pF at E13.5 to ~200 pF at P0 sug-
gesting that MNs become gradually larger (Delpy et al. 2008). Of course the size 
and passive properties of spinal MNs continue to evolve during postnatal develop-
ment (Jean-Xavier et al. 2006; Vinay et al. 2000). Computer simulations show that 
inhibitory dGPSP effects are moderately favored in large neurons with low Rin 
compared to small neurons with high Rin for similar dGPSP and similar ECl 
(Branchereau et al. 2016). Simulations also show that the effect of passive proper-
ties linked to the morphology of MNs remains minor compared with the effect of 
ECl. Finally, simulations demonstrate that increasing the chloride conductance gCl 
favors inhibition either during a single dGPSP or during trains in which gCl can sum-
mate increasingly with train frequency (Branchereau et al. 2016). Indeed, the excit-
atory effect of EPSPs is overcome by shunting inhibition in dGPSPs in a 
frequency-dependent manner (Branchereau et al. 2016). As a conclusion, among the 
different parameters that are Em, ECl, gCl, neuron size and Rin, ECl and gCl are the 
two main parameters controlling the magnitude and time course of inhibition and 
excitation during single dGPSPs. Interestingly, Jean-Xavier and collaborators used 
computer simulations to mimic the effect of physiological IPSPs on postnatal rat 
spinal MNs but because their simulations were performed with large gClp (120 nS), 
these authors primarily observed inhibitory effects (Jean-Xavier et al. 2007).

4 � Pathological Considerations

Growing evidence suggest that a KCC2-dependent alteration of chloride homeosta-
sis is often related to CNS disorders such as stress (Hewitt et al. 2009; Ostroumov 
et al. 2016), neuropathic pain (Coull et al. 2003; see Kaila et al. 2014 for review). 
Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig’s disease, is a 
rapidly progressive neurodegenerative disease that affects pyramidal cells in the 
motor cortex, brainstem and spinal cord (Van Damme et al. 2017). ALS is usually 
clinically diagnosed at late age, peak age at onset being 58–63 years for sporadic 
disease and 47–52 years for familial disease (Logroscino et  al. 2010). However, 
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mechanisms leading to the disease progression remain unknown. ALS is often asso-
ciated with spasticity leading to important disabling complications that compromise 
manual dexterity and gait (Kiernan et al. 2011). Spasticity is described as implying 
a hyperexcitability in spinal networks linked to a KCC2-related reduction of 
chloride-related synaptic inhibition (Boulenguez et al. 2010). Understanding how 
the dysregulation of the chloride homeostasis evolves in ALS MNs is therefore cru-
cial. Mouse models based on genetic defects described in familial ALS have been 
developed. The transgenic mouse model SOD1G93A (SOD, Gly93→Ala substitu-
tion), which expresses large amounts of human mutant SOD, faithfully recapitulates 
a vast majority of the pathology’s abnormalities seen in ALS patients (Fogarty 
2018). This ALS model reveals early deficit in chloride homeostasis that evolves in 
lumbar spinal MNs. In fact, a high [Cl−]i is found in prenatal SOD1G93A E17.5 lum-
bar spinal MNs compared to WT MNs from the same littermate, associated with a 
KCC2 reduction (Branchereau et al. 2019). High [Cl−]i slows down the decay of 
glycine- and GABA-mediated inhibitory synaptic events (Houston et al. 2009; Pitt 
et al. 2008), the structural basis of this effect being a direct effect of chloride ions 
acting in the pore of glycine and GABA channels (Moroni et al. 2011). In line with 
this direct modulation of the GABA/glycine synaptic transmission, SOD1G93A E17.5 
lumbar spinal MNs exhibit a slower relaxation (higher taudecay) of synaptic inhibi-
tory events, strengthening inhibition and compensating their more depolarized ECl 
(Branchereau et al. 2019) (Fig. 6).

Prenatal lumbar SOD1G93A MNs exhibit a reduced level of KCC2 compared to 
WT MNs from the same littermate. How these early changes influence the later 
pathology remains an open question but we may hypothesize that low KCC2 may 
lead to lack of inhibition at birth time and long-lasting motoneuron burden. It 
remains to verify how this change evolves with the disease. No changes in the KCC2 
oligomer/monomer ratio is described in the lumbar spinal motoneuronal network of 
SOD1G93A mice at 8, 12 and 16 weeks of age compared to WT mice (Modol et al. 
2014). whereas a downregulation of the potassium chloride cotransporter KCC2 is 
present in vulnerable (large-size) MNs of the SOD1G93A mouse model of ALS at late 
stages (120 days) (Fuchs et al. 2010).

5 � Concluding Remarks

The balance between excitation and Cl−-dependent inhibition is a key factor regulat-
ing the output of motoneurons controlling movement and vital functions such as 
respiration. We have seen that Cl− homeostasis is closely regulated by KCC2 and 
NKCC1 but other mechanisms likely operate. Also, it must be kept in mind that 
[Cl−]i is likely not constantly distributed in MNs as demonstrated in pyramidal corti-
cal and hippocampal neurons (Szabadics et al. 2006; Glykys et al. 2014). Spinal 
MNs are large neurons lacking the calcium binding proteins calbindin and calretinin 
(Berg et al. 2018) and exhibiting a poor capacity for regulating [Ca2+]i. These prop-
erties put spinal MNs at risk of excessive glutamatergic stimulation, which in turn 
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Fig. 6  (a) Altered inhibitory inputs to fetal SOD1G93A MNs. [Cl−]i is higher in SOD MNs (a1) than 
in WT MNs (a2) because of a KCC2 down-regulation, leading to an increased GABA/Gly-induced 
depolarizing effect (see insets). (b) Consequence of increasing taudecay on the GABA/gly inhibitory 
effect in SOD-like MNs. Due to an accumulation in the intracellular compartment, EGABAAR exerts 
a strong depolarizing effect. A burst of spikes generated by MNs is hardly blocked by a barrage of 
GABA/gly events (see blue traces) when taudecay is set to 20 ms. Increasing taudecay to 25 ms allows 
a better summation of the shunting component of the depolarizing GABA/gly post-synaptic event 
leading to a better clamp of Em towards EGABAAR and to the blockade of MN discharge (see green 
traces). (Modified from Branchereau et al. 2019)

can lead to increased [Ca2+]i and subsequent high demands on mitochondrial func-
tion, as they attempt to regulate excess [Ca2+]i. Therefore, Cl−-related inhibitory 
inputs from Renshaw cells and other spinal interneurons on MNs play a crucial role 
to regulate the output of MNs. This is true in immature spinal networks generating 
spontaneous network activity because of GABA and glycine release (Czarnecki 
et al. 2014; Chub and O’Donovan 2001; Hanson and Landmesser 2003) but also in 
mature networks that may easily exhibit depolarizing GABA/glycine synaptic activ-
ities in pathological conditions (Allain et al. 2011). Further research is necessary to 
better understand the complex mechanisms controlling chloride homeostasis in 
MNs and to identify disfunctions likely occurring during development and leading 
to pathologies.
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Normal Development and Pathology 
of Motoneurons: Anatomy, 
Electrophysiological Properties, Firing 
Patterns and Circuit Connectivity

Joshua I. Chalif and George Z. Mentis

Abstract  This chapter will provide an introduction into motoneuron anatomy, 
electrophysiological properties, firing patterns focusing on development and also 
describing several pathological conditions that affect mononeurons. It starts with a 
historical retrospective describing the early landmark work into motoneurons. The 
next section lays out the various types of motoneurons (alpha, beta, and gamma) and 
their subclasses (fast-twitch fatigable, fast-twitch fatigue-resistant, and slow-twitch 
fatigue resistant), highlighting the functional relevance of this classification scheme. 
The third section describes the development of motoneurons’ passive and active 
electrophysiological properties. This section also defines the major terms one uses 
in describing how a neuron functions electrophysiologically. The electrophysiologi-
cal aspects of a neuron is critical to understanding how it behaves within a circuit 
and contributes to behavior since the firing of an action potential is how neurons 
communicate with each other and with muscles. The electrophysiological changes 
of motoneurons over development underlies how their function changes over the 
lifetime of an organism. After describing the properties of individual motoneurons, 
the chapter then turns to revealing how motoneurons interact within complex neural 
circuits, with other motoneurons as well as sensory neurons, and how these circuits 
change over development. Finally, this chapter ends with highlighting some recent 
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advances made in motoneuron pathology, focusing on spinal muscular atrophy, 
amyotrophic lateral sclerosis, and axotomy.

Keywords  Motoneuron · Development · Spinal cord · Firing pattern · Motor unit · 
Excitability · Intrinsic properties · SMA · ALS

1 � Introduction and Historical Retrospective

The human body’s control of muscle activity has been recognized to be critical 
since antiquity when Hippocrates, Aristotle and Galen all wrote about how muscles 
permit movements such as breathing, swallowing, and navigating one’s environ-
ment. Work continued in the Renaissance with Leonardo da Vinci, Andreas Vesalius, 
Rene Descartes, and Giovanni Borelli making significant insights into our under-
standing of the anatomy and physiology of the human body. Motor neurons came to 
be recognized as arguably the most important neurons in the animal body, since they 
are responsible for movements essential for life. Sir Charles Sherrington, the pre-
eminent English neurophysiologist recognized the importance of motoneurons over 
a century ago, stating “to move is all that mankind can do, and that for such the sole 
executant is muscle, whether in whispering a syllable or in felling a forest” (1924).

The motoneuron cell body or soma resides within the spinal cord and their main 
axon projects through peripheral nerves to contact muscles in the periphery at a 
specialized synapse known as the neuromuscular junction. Due to their accessibil-
ity, they have long-served as a model for neuronal and circuit mechanisms operating 
during development. It has been known since the late 1700s that electricity is 
involved in neuronal activity (Galvani 1791; Volta 1800), and motoneurons have 
served as the cell type providing key information about the function of neurons 
more generally. However, the explosion in our understanding of motoneuron biol-
ogy started with the first intracellular recordings from cat motoneurons. In the 
mid-1900s, John Eccles and colleagues in New Zealand (Brock et al. 1952, 1953), 
and J. Walter Woodbury and Harry Patton in Seattle, USA (Woodbury and Patton 
1952) acquired the first intracellular recordings from spinal motoneurons. They 
used sharp microelectrodes to penetrate central nervous system tissue and a single 
cell membrane, high impedance input stages, and controlled current delivery sys-
tems, combined with a high-speed display system to achieve this major advance. 
Since then, our techniques to interrogate neurons have greatly expanded to include 
more complex intracellular recording techniques, such as whole-cell patch clamp as 
well as perforated patch, to more sophisticated approaches and imaging techniques 
(such as optogenetics, chemogenetics, and calcium and voltage sensitive dye imag-
ing), all of which have been utilized to examine the development, electrophysiologi-
cal properties, and function of motoneurons, both during normal behavior and in 
disease state.
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2 � Classification of Motoneurons

There are three main types of spinal motoneurons (Manuel and Zytnicki 2011). 
Alpha motoneurons (α-MN) innervate the large extrafusal striated muscle fibers that 
produce the force underlying movement. Gamma motoneurons (γ-MN) innervate 
the smaller intrafusal muscle fibers which reside within the muscle spindle, the 
specialized sensory endings of proprioceptive neurons. The main function of γ-MNs 
is to modulate the sensitivity of muscle spindles to changes in stretch. Beta moto-
neurons (β-MN) are an intermediary between α-MN and γ-MN, which innervate 
both intrafusal and extrafusal muscle fibers (Bessou et al. 1965). β-MN however, is 
the class of motoneurons that have been the least studied, mostly due to technical 
difficulties in identification and intracellular recordings. Due to these reasons, 
β-MNs are often grouped together with α-MNs, and this review will focus on α-MNs 
and γ-MNs.

A motor pool designates the collection of motoneurons that innervate a single 
muscle. A given motor pool contains a specific ratio of α-MNs to γ-MNs. 
Motoneurons within any given pool display certain molecular, morphological, and 
connectivity properties that are specific to that motor pool.

α-motoneurons are larger in soma size than γ-motoneurons and their axon con-
duction velocity is greater than that of γ-MNs, reflecting their larger axonal diame-
ter (Simon et al. 1996). The dendritic architecture of γ-motoneurons tends to be less 
branched and simpler than those observed in α-MNs (Burke et al. 1994; Fleshman 
et al. 1988). Another important difference between α-and γ-MNs is the lack of pro-
prioceptive synaptic inputs onto γ-MNs, whereas all α-motoneurons receive direct 
proprioceptive inputs (Eccles et al. 1960; Eccles et al. 1957). Furthermore, α-MNs 
possess recurrent axon collaterals which project locally within the ventral spinal 
cord, whereas γ-MNs have much fewer axon collaterals (Cullheim and Ulfhake 
1979a, b; Westbury 1982). During development, it is difficult to distinguish between 
α-MNs and γ-MNs based on their soma size (Shneider et al. 2009). It has been dem-
onstrated that confidence in distinguishing these two types of motoneurons based on 
soma size can be achieved around the second postnatal week (Shneider et al. 2009). 
Instead, investigators have focused their efforts on uncovering different genetic 
markers that can label these two motoneuron types. The development of 
γ-motoneurons appears to involve the transcription factor Err3 (Friese et al. 2009), 
Gfra1 and they also express higher levels of GDNF (Shneider et  al. 2009). 
α-motoneurons, on the other hand, express higher levels of the NeuN antigen (Friese 
et al. 2009; Shneider et al. 2009).

Through the pioneering work by Bob Burke, α-motoneurons can be subdivided 
based upon the contractile properties of the motor units that they form with muscles 
into three subclasses: fast-twitch fatigable (FF), fast-twitch fatigue-resistant (FR), 
and slow-twitch fatigue resistant (S) (Burke et al. 1973, 1982). These subclasses of 
motoneurons have corresponding morphological and functional characteristics 
which suit them to their particular function. S motoneurons have smaller cell bodies 
and axons, whereas FF motoneurons are larger, with large-diameter axons. The 
average membrane area for FF motoneurons is ~20% larger than that of S 
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motoneurons, reflecting their increased dendritic tree and increased axonal branch-
ing (Cullheim et al. 1987).

This simple difference in size has profound implications for the neurons’ electri-
cal properties and thereby their function. These ideas are embodied in the ‘Size 
Principle‘ which posits that the smaller motoneurons are activated first during mus-
cle activation (Henneman et al. 1965). Input resistance, or the voltage change over 
a cell membrane to a given steady current injection, is governed primarily by two 
factors: cell size (soma and dendritic arborization) and the properties of the cell’s 
expressed channels. Due to their small size, the S motoneurons have a greater input 
resistance and are therefore more excitable, exhibiting greater voltage changes and 
reaching the threshold to initiate action potentials with less synaptic input. 
Conversely, the large FF motoneurons have a smaller input resistance and require 
greater synaptic input to reach the threshold to initiate action potentials. FR moto-
neurons, by contrast, have intermediate properties. During long bursts of sustained 
activation, such as during standing or walking, the S motoneurons are recruited in 
order to activate the slow motor units. During short bursts of forceful contraction, 
such as jumping or sprinting, the FF motoneurons are additionally recruited.

The firing rate is another important differentiating feature between FF, FR, and S 
motoneurons. S motoneurons exhibit continuous repetitive firing, which can persist 
even in the absence of synaptic excitatory input, partially due to long-lasting persis-
tent inward currents (Heckman et al. 2008; Lee and Heckman 1998). FF motoneu-
rons are fatigable, exhibiting high frequency action potentials for a brief period of 
time, which enables a time-limited forceful muscular contraction. Another impor-
tant electrophysiological parameter that varies between S and FF motoneurons is 
the duration of the after-hyperpolarization (AHP), which is shaped by calcium-
dependent potassium currents (Gardiner 1993). This current occurs after an action 
potential and mostly determines the maximal firing frequency of the neuron. FF 
motoneurons, which as previously stated have an increased maximal firing fre-
quency, therefore have shorter AHPs than S motoneurons, which matches the con-
tractile properties of their target muscle fibers (Manuel and Zytnicki 2011).

In general, neurons respond in a linear fashion to synaptic drive. With increasing 
excitatory synaptic input, neurons exhibit a higher frequency of action potentials. 
This can be easily visualized on F/I (frequency-current) plots when recording intra-
cellularly from neurons. Upon increments of increasing current injection, the firing 
frequency increases. Motoneurons behave in this fashion for most currents. 
However, intriguingly, motoneurons have been shown to display non-linear behav-
ior, known as “bistability” or “plateau potentials,” where they can sustain repetitive 
firing even in the absence of a depolarizing drive (excitatory synaptic input physi-
ologically or intracellular current injection experimentally) (Conway et al. 1988; 
Hounsgaard et al. 1988; Lee and Heckman 1999). This behavior increases in the 
presence of monoamine neuromodulators (Lee and Heckman 1998, 1999), which 
implies that motoneuron behavior and firing can be greatly regulated by descending 
inputs from the brain, which is the source of monoamine neurotransmission in the 
spinal cord. Plateau potentials are also present in motoneurons during development 
(Fig. 1).
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Fig. 1  Bistability in neonatal motoneurons. (a) Spontaneous activity recorded from a P3, L1 moto-
neuron with whole-cell patch clamp. The membrane potential exhibited a bistable behavior at its 
own resting membrane potential (Vm = -54 mV). An action potential was elicited at the onset of the 
bistable depolarization of approximately 10 mV which varied in duration. (b) Enlarged magnifica-
tion of an event. (c) The bistable behavior was abolished with injection of hyperpolarizing current 
(bottom trace). (Unpublished observations by G.Z. Mentis and M.J. O’Donovan)

The plateau potential is thought to be driven by activation of a persistent inward 
current mediated by low-threshold L-type Ca2+ channels (L-type ICa) or persistent 
sodium channels (INaP). More recent work in ex vivo spinal cord preparations has 
shown that these potentials are temperature dependent as well, likely through a 
sodium-mediated current (ICaN) flowing through putative TRPV2 channels 
(Bouhadfane et al. 2013).

In summary, the classes and subclasses of motoneurons demonstrate how mor-
phological and molecular properties influence electrophysiological properties 
which determine the cell’s ultimate function.
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3 � The Development of the Electrophysiological Properties 
and Firing Patterns of Motoneurons

Motoneurons are one of the most well-studied classes of neurons in the central ner-
vous system. Although there are still numerous unanswered questions, we now 
know many of the processes involved in the functional and anatomical development 
of motoneurons. In addition to spinal motoneurons, the most studied types of moto-
neurons are oculomotor and hypoglossal, which reside in the brainstem. Overall, it 
is generally agreed that motoneuron excitability decreases while motoneuron firing 
rate increases over development.

A physiological property of motoneurons corresponding to their excitability, the 
input resistance (Fig. 2), decreases during postnatal development for both brainstem 
and spinal motoneurons. For oculomotor motoneurons, input resistance decreases 
~25% over development (Carrascal et al. 2005). For spinal and hypoglossal moto-
neurons, input resistance decreases ~50% (Fulton and Walton 1986; Mentis et al. 
2007; Núñez-Abades et al. 1993; Robinson and Cameron 2000). The developmental 
decrease in input resistance is likely due to two factors: (i) by an increase in leak-
potassium currents and/or an increase in tonic inhibitory synaptic input (Cameron 
et al. 2000; Núñez-Abades et al. 2000) and (ii) by an increase in the somato-dendritic 
area of the motoneuron (Durand et  al. 2006; Elbasiouny et  al. 2010; Mentis 
et al. 2007).

The increase in channel function in the motoneuron membrane could be attrib-
uted to an increase in the number of channel(s) or due to an increase in existing 
channel function from modifications of their kinetics which are partially controlled 
by neuromodulators (Perrier and Hounsgaard 2000; Rekling et al. 2000). As dis-
cussed above, as neuronal size increases, the input resistance decreases. The soma 
size of motoneurons exhibits small changes during early postnatal development 
(Cameron et al. 1991; Carrascal et al. 2005; Núñez-Abades and Cameron 1995). 
However, the dendritic tree of hypoglossal, oculomotor and spinal motoneurons 
increases significantly during postnatal development (Cameron et al. 1991; Núñez-
Abades and Cameron 1995; Ramírez and Ulfhake 1991; Ulfhake et al. 1988). At 
birth the dendritic tree represents about 90% of the total surface area of the moto-
neuron (Fig. 2), whereas in adulthood it represents 97–99%. In addition, the average 
branch order in oculomotor motoneurons increases, providing evidence that the 
dendritic architecture is also becoming more complex (Carrascal et al. 2005). This 
anatomical change causes an increase in the surface area of motoneurons which is 
believed to support the proliferation and development of synaptic inputs over the 
same time period (Núñez-Abades et al. 2000; Rekling et al. 2000; Vinay et al. 2000). 
This increase in overall neuronal size likely contributes to the decrease in input 
resistance during development. Regardless of the precise mechanism, the decrease 
in input resistance is functionally important since it determines the voltage change 
in a neuron to a given synaptic input, thereby making motoneurons less excitable.

The neuronal time constant is another passive membrane property used to 
describe the electrophysiological state of neurons. The time constant is calculated as 
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Fig. 2  Morphological and physiological characteristics of neonatal motoneurons. (a) Confocal 
Z-stack projection of a P5, L5 mouse motoneuron, recorded and subsequently filled with 
Neurobiotin and revealed with Avidin-Biotin Complex (in red). ChAT immunoreactivity is shown 
in blue. (b) Current-to-voltage relationship in the L5 motoneuron shown in (a), using the ex vivo 
spinal cord preparation. Superimposed traces of the voltage response (top traces) following steps 
of negative and positive current (bottom trace) injection through whole-cell patch clamp electrode. 
(c) The I-V plot revealed a linear response, indicating the passive membrane nature. The input 
resistance is calculated from the slope of the linear response (Rn = 26.3 MΩ). (Unpublished obser-
vations by G.Z. Mentis and M.J. O’Donovan)
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the time taken for the transmembrane voltage to reach 63% of the plateau voltage in 
response to a positive or negative current injection during intracellular recordings. 
The passive membrane time constant is the product of the membrane resistance and 
the membrane capacitance. The time constant decreases in motoneurons during 
postnatal development, reflecting the reduction in input resistance (Carrascal et al. 
2005; Mentis et al. 2007). The resting membrane potential, on the other hand, does 
not change between neonatal and adult motoneurons for hypoglossal, oculomotor, 
or spinal motoneurons (Carrascal et  al. 2005; Fulton and Walton 1986; Núñez-
Abades et al. 1993).

For newly born motoneurons, the voltage response to a negative current injection 
is nearly linear (Di Pasquale et al. 2001). However, for several decades it has been 
reported that adult hypoglossal motoneurons exhibit a membrane potential rectifica-
tion in response to a negative current injection (Mosfeldt Laursen and Rekling 1989; 
Núñez-Abades and Cameron 1995; Viana et  al. 1995). This membrane potential 
rectification can be viewed on voltage responses as a “sag” that is voltage-dependent 
and is most frequently seen with hyperpolarization of more than 20 mV below the 
neuron’s resting membrane potential. In addition to hypoglossal motoneurons, this 
property has also been reported in spinal motoneurons and other brainstem moto-
neurons (Bertrand and Cazalets 1998; Magariños-Ascone et al. 1999; Russier et al. 
2003), and occurs in about 40% of motoneurons (Carrascal et al. 2005). This “sag” 
is due to the h-current, mediated through the inward rectifying HCN 
(hyperpolarization-activated cyclic-nucleotide gated) channel. This channel is 
responsible for the pacemaking ability of the heart and has been proposed to be 
involved in rhythmogenesis in neurons (Harris-Warrick 2010). Correspondingly, in 
oculomotor, hypoglossal, and spinal motoneurons, a “post-inhibitory rebound” is 
sometimes seen, which is a rebound depolarization following a hyperpolarizing cur-
rent which may be strong enough to elicit an action potential (Núñez-Abades et al. 
1993; Viana et al. 1994). Although the h-current may also be involved, this charac-
teristic is thought to be additionally mediated by a low-threshold calcium current 
(Umemiya and Berger 1994). Like the sag, this post-inhibitory rebound is voltage-
dependent and increases over the postnatal development of motoneurons.

Active membrane properties determine the neuron’s ability to fire action poten-
tials, which are subsequently responsible for transmitting neuronal activity to their 
postsynaptic neuronal targets within neuronal circuits. The rheobase is an active 
membrane property defined as the minimum current required to generate an action 
potential. Rheobase is usually inversely correlated with input resistance such that a 
decrease in input resistance results in an increase in the rheobase. As expected 
therefore, the rheobase increases about two-fold during postnatal development in 
hypoglossal motoneurons (Carrascal et al. 2005). However, despite the decrease in 
input resistance, surprisingly the rheobase also decreases in oculomotor motoneu-
rons during postnatal development. The voltage threshold (Vthreshold) required to pro-
duce an action potential remains largely unchanged in hypoglossal motoneurons 
over development, but is actually decreased in oculomotor motoneurons in adult-
hood. Together, these findings suggest that despite the decrease in input resistance 
in oculomotor motoneurons, paradoxically it may become easier for them to fire 
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action potentials in adulthood. There are two currents proposed to underlie this dif-
ference, a persistent Na+ current and a long-lasting Ca2+ current, which are thought 
to undergo a differential modulation during postnatal maturation (Carrascal et al. 
2005; Hornby et al. 2002; Russo and Hounsgaard 1999).

The action potential itself exhibits differences between postnatal and adult moto-
neurons as well. The spike duration decreases by ~50% in oculomotor, hypoglossal, 
and spinal motoneurons over development (Carrascal et al. 2005; Fulton and Walton 
1986; Núñez-Abades et  al. 1993; O’Dowd et  al. 1988; Viana et  al. 1994). This 
decrease in spike duration is driven by an increase in the slope of the both the rising 
and falling phase of the action potential, which is due to increases in the sodium and 
potassium currents respectively. Indeed, in Xenopus embryos, the Na+ current dou-
bles and K+ current triples over development resulting in a narrowing of the action 
potential in spinal neurons (O’Dowd et al. 1988).

Motoneurons, like most other neurons, also exhibit an after-hyperpolarization, a 
reduction in the membrane voltage immediately after the action potential which is 
lower than the voltage membrane prior to the initiation of the action potential. The 
duration of the after-hyperpolarization decreases over postnatal development, while 
its amplitude remains unchanged in oculomotor, hypoglossal, and spinal motoneu-
rons (Carrascal et al. 2005; Fulton and Walton 1986; Núñez-Abades et al. 1993; 
Russier et al. 2003; Viana et al. 1994). The after-hyperpolarization is mediated by a 
calcium-dependent potassium current, which can be modified by neuromodulators. 
The duration of the after-hyperpolarization is directly correlated with the spike 
duration (Núñez-Abades et al. 1993; Viana et al. 1994). During earlier development, 
the longer duration of the action potential in motoneurons leads to a greater influx 
of Ca++, which causes an increase in the calcium-dependent potassium current and 
therefore the after-hyperpolarization (Viana et al. 1994, 1995).

The after-hyperpolarization is an important active property of neurons since its 
duration directly affects the firing frequency and repetitive firing pattern of the neu-
ron. Thus, with a shorter after-hyperpolarization later in development in motoneu-
rons, it is expected that the firing frequency would be increased. Motoneurons in the 
oculomotor and hypoglossal nuclei, as well as in the spinal cord are able to fire 
repetitive action potentials either in tonic (constant firing frequency) or burst-tonic 
(initially high frequency followed by a slower steady state frequency) modes at birth 
(Carrascal et al. 2005; Núñez-Abades et al. 1993; Viana et al. 1995). As expected 
from the after-hyperpolarization decrease, the maximum firing frequency is 
increased over development in all classes of motoneurons (Carrascal et al. 2005; 
Núñez-Abades et al. 1993; Viana et al. 1995). In particular, the maximal frequency 
of oculomotor motoneurons is increased about three-fold in the adult compared to 
the neonate, while hypoglossal motoneuron firing frequency increases about two-
fold (Núñez-Abades et al. 1993). Of note, oculomotor motoneurons exhibit burst-
tonic firing activity likely responsible for the saccades and subsequent fixation that 
the extraocular muscles control (De La Cruz et al. 1989; Fuchs et al. 1988). In addi-
tion to the calcium-dependent potassium channels responsible for the after-
hyperpolarization, several other channels likely contribute to the increased firing 
frequency in adult motoneurons. A hyperpolarization-activated inward current 
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(Bayliss et al. 1994), a long-lasting calcium current and persistent sodium current 
(Li et  al. 2004; Russo and Hounsgaard 1999), and an A-type potassium current 
(Russier et al. 2003) are all increased over development, and may also contribute 
towards the increase in firing frequency.

4 � Development of Motoneuron Spinal Cord Circuitry

During normal development motoneurons are tasked to participate in the formation 
of sensory-motor circuits. This process involves the correct connections between 
motoneurons and their appropriate peripheral targets, the skeletal muscles, a process 
that is achieved during mid-embryonic development in mice. However, a critical 
event is the connection between sensory neurons and motoneurons in order to convey 
peripheral information directly to motoneurons. This is achieved by proprioceptive 
sensory neurons from a single muscle contacting homonymous motoneurons (Chen 
et al. 2003). In addition, motoneurons receive proprioceptive synaptic inputs not only 
from homonymous muscles but also from heteronymous muscles which are syner-
gistic in nature, while avoiding synaptic inputs from proprioceptive neurons originat-
ing from antagonist muscles (Fig. 3) (Chen et al. 2003; Mendelsohn et al. 2015).

Although by adulthood motoneurons receive proprioceptive synapses only from 
homonymous and heteronymous (Eccles et al. 1957) but not from antagonistic mus-
cles, during late embryonic development inappropriate proprioceptive synapses are 
formed between motoneurons and sensory synapses from antagonistic muscles 
(Poliak et al. 2016; Seebach and Ziskind-Conhaim 1994). Refinement of sensory-
motor circuits occurs late during embryonic development and early in postnatal 
development, such that the homonymous and heteronymous inputs are reinforced, 
while the antagonist input is pruned. The molecular pathways responsible for this 
synaptic refinement, through the activation of the classical complement pathway via 
C1q, its originating protein (Vukojicic et al. 2019), are beginning to emerge. The 
classical complement pathway is one of the three pathways for activating the com-
plement system which is an important component of the innate immune system. 
Through the classical complement pathway, multiple complement proteins are 
recruited ultimately leading to assembly of the membrane attack complex which 
creates pores on target cell’s membranes leading to cell lysis and death. Interestingly, 
emerging evidence indicates that this pathway is also used in synaptic refinement 
during neurodevelopment (Stevens et al. 2007; Vukojicic et al. 2019).

Interestingly, during early development, motoneurons are electrically connected 
through gap junctions (Mentis et  al. 2002; Personius et  al. 2007; Walton and 
Navarrete 1991). This electrical coupling has been confirmed both electrophysio-
logically as well as morphologically through dye-coupling (Fig. 4). The electrical 
coupling is mediated by at least five different connexins (Cx), Cx36, Cx37, Cx40, 
Cx43 and Cx45 (Chang et al. 1999). The electrical communication amongst spinal 
motoneurons diminishes by the end of the second postnatal week (Walton and 
Navarrete 1991) and by the end of the first postnatal week in brainstem 
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Fig. 3  Functional validation of heteronymous connections in neonatal motoneurons. (a) Schematic 
of the ex vivo lumbar spinal cord-hindlimb preparation. Stimulating electrodes were placed in tibi-
alis anterior (TA), extensor digitorum longus (EDL), and peroneus longus (PL) muscles to activate 
proprioceptive fibers. Ventral roots were cut and placed into suction electrodes for either stimula-
tion or recording. Motoneurons (in green) were visually identified following muscle-specific label-
ing by CTb-488 and recorded intracellularly using whole-cell patch clamp. (b) Image of PL 
motoneurons retrogradely labeled at birth with CTb-488 and showing three cells filled with intra-
cellular dye after whole-cell recording (in red). (c) Intracellularly recorded EPSPs in a single ret-
rogradely labeled TA motoneuron upon stimulation of TA or EDL muscle. Black arrow indicates 
stimulus artifact. First dashed line indicates onset of EPSP response. Second dashed line indicates 
the maximum amplitude of the monosynaptic response, as determined at 3 ms after EPSP onset. 
(d) Average EPSP amplitudes induced in TA motoneurons upon TA or EDL muscle stimulation. 
Inset represents corresponding relationship within each recorded motoneuron. (e) Average latency 
of EPSP onset upon TA or EDL stimulation, as defined in relation to stimulus artifact. (f) Average 
ratio of the EPSP amplitude induced in each TA motoneuron by EDL stimulation to the EPSP 
amplitude induced by TA stimulation. (g) Intracellularly recorded EPSPs in a single retrogradely 
labeled PL motoneuron upon stimulation of PL or TA muscle. The longer latency of response is 
due to the younger age (P2) at the time of recording. (h) Average EPSP amplitudes induced in PL 
motoneurons upon PL or TA muscle stimulation. (i) Average latency of EPSP onset upon PL or TA 
stimulation. (j) Average ratio of the EPSP amplitude induced in each PL motoneuron by TA stimu-
lation to the EPSP amplitude induced by PL stimulation. (Adapted from Mendelsohn et al. 2015; 
Neuron 87:111–23)
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motoneurons (Mazza et al. 1992). The precise function of electrical communication 
amongst motoneurons has not been clarified, but evidence suggests that it may con-
tribute towards the development of adult motor units, since the polyneuronal inner-
vation of muscle fibers is eliminated along the same time course of spinal motoneuron 
electrical communication during the first two postnatal weeks (Walsh and Lichtman 
2003). To this end, during late embryonic and early postnatal life, neuromuscular 
junctions undergo synapse elimination that is modulated by patterns of motoneuron 
activity. By using mice that lack Cx40, electrical coupling among lumbar motoneu-
rons, measured by whole-cell recordings, was reduced, and single motor unit 
recordings in awake, behaving neonates showed that temporally correlated moto-
neuron activity was also reduced (Personius et al. 2007).

This study suggests that gap junctional coupling modulates neuronal activity pat-
terns that, in turn, mediate synaptic competition. Furthermore, the emergence of the 
adult motor unit along with the disappearance of gap junction coupling appear to 
depend upon muscle activation and its afferent feedback since the process can be 
disrupted by muscle paralysis (Fig. 4), thereby prolonging polyneuronal innervation 
(Pastor et al. 2003).

5 � Motoneuron Function Is Altered in Disease States

Pathological conditions that impact motoneuron function are readily apparent in 
clinical practice due to the importance of motoneurons in controlling movement. 
Neurodegenerative conditions such as spinal muscular atrophy and amyotrophic 
lateral sclerosis, lesions of peripheral nerves such as axotomy, and compressive 
lesions of the spinal cord caused by trauma, tumor, or degenerative spine disease are 
among the more commonly encountered pathologies of motoneurons.

During normal aging, alpha motoneurons are thought to survive until middle age 
and steadily decline in numbers at older ages (Hashizume et al. 1988). However, in 

Fig.4 (continued)  between the SLD amplitude and the intensity of the injected current, confirming 
the electrotonic nature of the SLD potential. (d) Antidromic spike evoked in a P6 Botulinum neu-
rotoxin-treated TA motoneuron by stimulation of the VR L4 at a shorter latency than its SLD 
(SLD, arrow). Inset: a higher magnification of the SLD at the base of the spike. Arrowhead denotes 
the onset of the stimulus artifact. (e) Insensitivity of SLD to collision test. Three traces are super-
imposed, corresponding to the antidromic action potential evoked after stimulating the VR L4 
(arrowhead), the underlying SLD evoked by subthreshold VR stimulation (arrow) and the collision 
of the antidromic spike with a preceding orthodromic spike elicited by intracellular current injec-
tion which shows the preservation of the SLD (circle). (f, g) Photomicrographs showing a cluster 
of coupled motoneurons labeled with biocytin in a P7 Botulinum neurotoxin-treated spinal cord. 
(f) Several motoneurons appeared in close apposition to the dorsally directed dendritic trunk (thick 
arrows in both f and g) of the intracellularly stained motoneuron shown in g (located in an adjacent 
section). a: axon (small arrow in f). (h) Camera lucida reconstruction of the injected cell and its 
cluster of coupled motoneurons (stippled somata) shown in f and g. The reconstruction was per-
formed using 7 parasagittal 100-μm-thick sections. Note two axon collateral branches (arrows) 
arising from the main axon and dorsally directed toward the motoneuron pool. (Adapted from 
Pastor et al., 2003; J. Neurophysiol. 89:793–805)
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Fig. 4  Electrical coupling in neonatal motoneurons. (a) Subthreshold electrical stimulation of the 
ventral root L4 at increasing strength demonstrated the gradation of the short latency depolariza-
tion (SLD) amplitude into several discrete components until an all-or-none antidromic spike was 
elicited in a P6 Botulinum neurotoxin-treated TA motoneuron. The Botulinum toxin blocks chemi-
cal synaptic input, thereby isolating electrical synpases. (b) Insensitivity to injection of transmem-
brane currents. After injection of depolarizing and hyperpolarizing current, the amplitude of the 
SLD remained largely unaltered. (c) Plot showing the absence of linear correlation (P  >  0.2) 
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Fig. 5  SMA motoneurons exhibit dysfunctional proprioceptive input and fire at lower frequencies 
due to the reduction of the Kv2.1 channel. (a) Schematic of the experimental protocol utilizing the 
intact ex vivo spinal cord preparation. Extracellular electrodes in the L2 ventral root (1) and L2 
dorsal root (2) (sensory fibers in green) were used for stimulation or recording. Responses from 
individual motoneurons (in blue) were recorded intracellularly (3) (whole-cell patch clamp). (b) 
Traces show: (1) an antidromically evoked action potential following ventral root stimulation, (2) 
a synaptic response from a motoneuron following dorsal root stimulation and (3) current-to-
voltage relationship in whole-cell configuration from an L2 motoneuron. (c) Intracellular responses 
of monosynaptic EPSPs following supramaximal stimulation of the L2 dorsal root in homonymous 
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the devastating neurodegenerative diseases spinal muscular atrophy (SMA) and 
amyotrophic lateral sclerosis (ALS), motoneurons die prematurely. SMA is a hered-
itary condition, due to deficiency of the SMN protein, in which motoneuron death, 
typically early in development, is a hallmark of the disease (Burghes and Beattie 
2009; Tisdale and Pellizzoni 2015). In ALS, on the other hand, most of the human 
cases are of sporadic origin (>90%) and only ~10% are familial cases (Al-Chalabi 
et al. 2017; Srinivasan and Rajasekaran 2020). In both diseases, specific motoneu-
ron pools and subtypes of motoneurons are selectively affected in a spatiotempo-
ral manner.

In SMA, motoneurons degenerate through cell-autonomous mechanisms 
imposed by SMN deficiency, through convergent mechanisms of p53 pathway acti-
vation (Simon et al. 2017; Van Alstyne et al. 2018). The p53 pathway uses a com-
plex array of genes which are usually activated by intrinsic or extrinsic stress to 
ultimately halt DNA replication, chromosome segregation, and cell division which 
can lead to apoptosis (Vogelstein et al. 2000). Interestingly, SMA motoneurons that 
are destined to die exhibit signs of dysfunction (electrophysiological and synaptic) 
before their p53-dependent death (Mentis et  al. 2011). Motoneurons innervating 
proximal or axial musculature are more vulnerable to dysfunction and degeneration 
in mouse models of the disease (Fletcher et al. 2017; Mentis et al. 2011), consistent 
with the proximo-distal progression of the disease in SMA patients. This differen-
tial effect between motoneurons has been recapitulated in SMA mouse models of 
disease, in which rostral lumbar motoneurons (L1/L2) – which preferentially inner-
vate axial muscles such as iliopsoas and quadratus lumborum - are more affected 
than caudal lumbar motoneurons (L4/L5)  – which preferentially innervate distal 
hindlimb muscles such as tibialis anterior and gastrocnemius (Mentis et al. 2011). 
Although SMA has long been considered to be solely a motoneuron disease, evi-
dence provided by many laboratories points to SMA being a disease of motor cir-
cuits (Imlach et al. 2012; Ling et al. 2010; Lotti et al. 2012; Mentis et al. 2011). One 
of the earliest pathological events is the dysfunction and eventual elimination of 
proprioceptive synapses contacting vulnerable motoneurons (Fig. 5). The molecular 

Fig. 5 (continued)  motoneurons for a wild type (WT) and an SMA motoneuron. Arrows indicate 
the peak EPSP amplitude measured at 3 ms after the onset of response and arrowheads the stimulus 
artifact. (d) The average peak EPSP amplitude in motoneurons in WT and SMA motoneurons, 
indicating the significant reduction. * P < 0.05, t-test. (e) Z-stack projection of confocal images 
from retrogradely labeled L2 motoneurons (blue; with Cascade Blue) and VGluT1 synaptic bou-
tons (green) in a WT and an SMA mouse at P4. Insets show VGluT1 synaptic appositions on proxi-
mal dendrites at higher magnification. (f) The average number of VGluT1 boutons on somata and 
proximal dendrites (0–50 μm from the soma) of L2 WT and SMA motoneurons. *** P < 0.001, 
t-test. (g) Intracellular responses of repetitive firing following 50 pA current injection above the 
minimum current required for continuous spiking, in a WT and an SMA motoneuron at P4. (h) 
Frequency-to-current relationship for WT and SMA motoneurons at P4. There was a significant 
reduction in firing frequency at all current steps. (i) Single optical plane confocal images of L2 
motoneurons (ChAT; in blue) expressing Kv2.1 channels (in yellow) in WT and SMA mice at P4. 
Insets show Kv2.1 immunoreactivity at higher magnification of the boxed dotted area. (j) 
Percentage somatic coverage of Kv2.1 in motoneurons in WT and SMA motoneurons. There is a 
significant reduction in the expression of Kv2.1 channels in SMA mice. * P < 0.05, t-test. (Adapted 
from Fletcher et al. 2017; Nature Neurosci. 20:905–916)
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mechanisms for the selective synaptic dysfunction and subsequent elimination in 
SMA has been shown to involve the classical complement pathway through the 
initiating protein C1q (Vukojicic et al. 2019). The synaptic dysfunction (Fletcher 
et al. 2017) and its subsequent reduction (Fletcher et al. 2017; Mentis et al. 2011) 
occur prior to any motoneuron death (Fletcher et al. 2017; Mentis et al. 2011).

As a consequence of synaptic dysfunction, motoneurons respond by increasing 
their excitability. Motoneuron dysfunction in SMA is characterized by an initial 
hyperexcitability in terms of input resistance, time constant and voltage threshold 
for the initiation of an action potential (Mentis et al. 2011). Paradoxically, although 
SMA motoneurons during the onset of the disease exhibit these characteristics of 
hyperexcitability, at the same time, they are unable to fire repetitively at frequencies 
similar to their healthy age-matched counterparts (Fletcher et al. 2017). The inabil-
ity to fire repetitively at relatively high frequencies has been associated with reduc-
tion of the expression of the delayed rectifier potassium channel Kv2.1 (Fig.  5) 
(Fletcher et al. 2017), which has been shown to regulate repetitive firing (Liu and 
Bean 2014; Misonou 2010). The inability of vulnerable SMA motoneurons to fire 
repetitively has been proposed to be one of the main mechanisms responsible for 
muscle paralysis (Fletcher et al. 2017).

In ALS, the muscular progression of disease is opposite to that occurring in 
SMA. Motoneurons innervating distal muscles are more vulnerable than motoneu-
rons innervating proximal or axial muscles, resulting in disto-proximal progression 
of the disease. In addition, since ALS is a disease that tends to affect mature moto-
neurons, studies have identified vulnerable motoneurons in the context of their 
motor unit identity. FF motoneurons are the most vulnerable and the first to die, 
while S motoneurons can survive late into the disease (Dengler et al. 1990; Frey 
et al. 2000; Kanning et al. 2010; Pun et al. 2006). Furthermore, specific motor pools, 
namely the oculomotor, trochlear, and abducens nuclei in the midbrain/hindbrain 
responsible for extraocular eye movements, and Onuf’s nucleus in the lumbosacral 
spinal cord responsible for urinary and anal sphincter contraction appear resistant to 
the neurodegeneration seen in ALS (Ferrucci et  al. 2010; Kaminski et  al. 2002). 
Dysfunction of ALS motoneurons has been proposed to be manifested as the inabil-
ity to induce repetitive firing in lumbar motoneurons in SOD1 and FUS mutants of 
ALS mouse models of disease (Delestrée et al. 2014; Martínez-Silva et al. 2018). 
The molecular mechanisms responsible for motoneuron dysfunction in ALS are 
currently under investigation.

In traumatic situations such a peripheral nerve injury, motoneurons are temporar-
ily or permanently – depending on the severity of the trauma – disconnected from 
their peripheral muscle targets, an event known as axotomy. The effect of axotomy 
on the motoneuron function varies and depends on the timing of the insult. During 
early development, axotomy results in significant motoneuron degeneration through 
Wallerian degeneration (Lowrie and Vrbová 1992, 2001; Mentis et  al. 2007), 
whereas, in contrast, axotomy in adulthood results in little or no motoneuron death. 
Disconnecting motoneurons from their peripheral target muscles shortly after birth 
experimentally results in profound changes in their function. Axotomized motoneu-
rons become hyperexcitable, a state that is reflected by an increase in input 
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resistance and a reduction in the voltage threshold for action potential induction 
(Mentis et al. 2007). In addition, following neonatal axotomy, those motoneurons 
that do survive into adulthood through reinnervation of muscles exhibit a shift in 
their firing pattern from phasic to tonic (Navarrete and Vrbová 1984; Vejsada et al. 
1991). Chronic electromyogram recordings from the tibialis anterior muscle in 
freely moving rats revealed that the discharge pattern of the muscle was altered 
permanently after a neonatal sciatic nerve crush. In contrast, axotomy in the adult 
animal does not result in any changes in the firing pattern of motoneurons reinner-
vating peripheral muscles (Navarrete and Vrbová 1984).

Peripheral nerve injury damages both motoneuron axons as well as sensory 
axons. After axotomy (experimentally often by cutting or crushing the nerve, but 
presenting in patients usually through crush injuries), motoneurons experience dras-
tic changes in their synaptic input which is associated with a dramatic neuro-
inflammatory response involving microglia and astrocytes. It has been recently 
postulated that this process is subdivided into two distinct mechanisms (Alvarez 
et al. 2020).

First, a rapid cell-autonomous shedding of synapses from motoneurons occurs 
independent of microglia, which is reversible after muscle reinnervation. In this 
phase, the rapid shedding of synapses after motoneuron axonal injury leads to com-
plex changes in glutamatergic synaptic function resulting in consistent depression 
(Ikeda and Kato 2005; Yamada et al. 2011). When the regenerating motoneurons 
reinnervate their skeletal muscle, the functional depression reverts. Intriguingly, 
GABA/glycine synapses remain on motoneurons during this period and may in fact 
be a source of excitatory drive. Although traditionally thought of as “inhibitory 
synapses” the actual impact of GABA/glycine synapses on post-synaptic membrane 
potential is dependent on many factors including the bouton number, the proportion 
of GABA vs. glycine synapses, the receptor subunit composition, and the driving 
forces through the receptors as dictated by the internal chloride concentration 
(Alvarez 2017). The potassium chloride transporter 2 (KCC2) is downregulated in 
axotomized motoneurons (Akhter et al. 2019; Nabekura et al. 2002; Toyoda et al. 
2003), causing alterations in the chloride concentration which results in the reversal 
of GABA/glycine synaptic actions such that activation of these receptors results in 
depolarizing post-synaptic events. This may help explain previous findings of sup-
pression of inhibitory post-synaptic potentials and their replacement by excitatory 
post-synaptic potentials after axotomy in early experiments (Takata and Nagahama 
1983). These depolarizing post-synaptic events elicited by GABA/glycine result in 
activation of NMDA receptors and voltage-gated Ca2+ channels (Toyoda et  al. 
2003), which may be part of the regenerative process, similar to the rhythmic depo-
larizations which are characteristic of early developing motoneurons (Hanson et al. 
2008; O’Donovan et al. 1998). In summary, axotomized motoneurons may replace 
the high frequency glutamatergic excitatory input with low-frequency voltage oscil-
lations driven by GABA/glycine to allow for calcium entry into the cell which is 
adapted for promoting regeneration.

Second, a slower process eliminates the axon collaterals from injured proprio-
ceptive afferents, which permanently alters spinal cord circuitry by removing 
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synaptic inputs not just to the axotomized motoneurons but also to many other spi-
nal neurons including non-injured heteronymous motoneurons and spinal interneu-
rons. This process has a slower time course than the first phase and is not reversible 
by muscle reinnervation. Genetic prevention of microglia activation after nerve 
injury has shown that this second process depends upon microglia (Rotterman et al. 
2019). The most obvious consequence of the loss of proprioceptor afferents is the 
loss of the stretch reflex, which was first analyzed in soldiers with nerve injuries 
during World War II (Barker and Young 1947). Sensory fiber die-back is dependent 
on the type of injury and does not occur after crush injuries, likely due to preserva-
tion of the endoneurium in crush injuries, which helps guide the regenerating axons 
towards their original targets. In contrast, after transection injuries, peripheral tar-
geting errors scramble the motor pool organization in the spinal cord where proprio-
ceptive synaptic inputs normally avoid antagonist muscles, which likely explains 
the presence of reciprocal excitation between antagonist muscles and higher rates of 
co-contraction after nerve transection (Horstman et al. 2019; Sabatier et al. 2011).
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Homeostatic Regulation of Motoneuron 
Properties in Development

Peter A. Wenner and Dobromila Pekala

Abstract  Homeostatic plasticity represents a set of compensatory mechanisms that 
are engaged following a perturbation to some feature of neuronal or network func-
tion. Homeostatic mechanisms are most robustly expressed during development, a 
period that is replete with various perturbations such as increased cell size and the 
addition/removal of synaptic connections. In this review we look at numerous stud-
ies that have advanced our understanding of homeostatic plasticity by taking advan-
tage of the accessibility of developing motoneurons. We discuss the homeostatic 
regulation of embryonic movements in the living chick embryo and describe the 
spinal compensatory mechanisms that act to recover these movements (homeostatic 
intrinsic plasticity) or stabilize synaptic strength (synaptic scaling). We describe the 
expression and triggering mechanisms of these forms of homeostatic plasticity and 
thereby gain an understanding of their roles in the motor system. We then illustrate 
how these findings can be extended to studies of developing motoneurons in other 
systems including the rodents, zebrafish, and fly. Furthermore, studies in developing 
drosophila have been critical in identifying some of the molecular signaling cas-
cades and expression mechanisms that underlie homeostatic intrinsic membrane 
excitability. This powerful model organism has also been used to study a presynap-
tic form of homeostatic plasticity where increases or decreases in synaptic transmis-
sion are associated with compensatory changes in probability of release at the 
neuromuscular junction. Further, we describe studies that demonstrate homeostatic 
adjustments of ion channel expression following perturbations to other kinds of ion 
channels. Finally, we discuss work in xenopus that shows a homeostatic regulation 
of neurotransmitter phenotype in developing motoneurons following activity per-
turbations. Together, this work illustrates the importance of developing motoneu-
rons in elucidating the mechanisms and roles of homeostatic plasticity.
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1 � Introduction

Homeostatic plasticity represents a set of mechanisms that are triggered in response 
to a perturbation of neural activity that acts to homeostatically restore neural func-
tion. This was first appreciated by Eve Marder’s lab studying the activity patterns of 
neurons from the crustacean stomatogastric ganglion. These cells normally fire 
rhythmic bursts of action potentials in vivo, but this activity was lost when stomato-
gastric ganglion cells were individually plated in culture. However, within few days 
the original firing pattern was restored due to homeostatic plasticity (Turrigiano 
et al. 1994). Later studies identified several different classes of homeostatic mecha-
nisms following activity or neurotransmitter receptor blockade that compensated by 
altering synaptic strength (homeostatic synaptic plasticity) or membrane excitabil-
ity (homeostatic intrinsic plasticity). For instance, following 2 days of spike block-
ade cortical neurons in culture strengthened excitatory synapses, weakened 
inhibitory synapses, and increased their intrinsic membrane excitability (Turrigiano 
et al. 1998; Desai et al. 1999; Kilman et al. 2002). This kind of work has been car-
ried out in several different classes of cell, including motoneurons from many dif-
ferent species. These studies of homeostatic plasticity in motoneurons have 
dramatically advanced the field due to the accessible nature of the motoneuron. In 
this chapter we look at the advances in the field of homeostatic plasticity that have 
been made by studying motoneurons. We focus on developing systems as these 
homeostatic mechanisms will shape the developmental trajectory of synaptic 
strength and cellular excitability in the more mature system. We begin by discussing 
homeostatic recovery of embryonic movements in the living chick embryo and fol-
low up by describing both homeostatic synaptic plasticity and homeostatic intrinsic 
plasticity mechanisms. We consider the molecular mechanisms underlying these 
forms of plasticity, along with their triggers, and functions. We then discuss how 
these findings translate to motoneurons in other systems by examining studies that 
carry out in vivo perturbations in rat, zebrafish, and fly motoneurons. Finally, we 
consider the many novel advances in homeostatic plasticity that have been made in 
the developing fly and frog. These include: the signaling pathway for intrinsic plas-
ticity in the fly, presynaptic plasticity at the neuromuscular junction of the the fly, 
voltage-gated channel co-regulation in the fly, and regulation of neurotransmitter 
phenotype in the frog.

2 � Chick Embryo Homeostatic Plasticity

One of the great advantages that motoneurons provide is that they drive muscle 
contractions, which can be easily observed. Nowhere is this more clear than when 
watching embryonic movements in the chick in ovo (Preyer 1937). People have 
studied these movements for hundreds of years. The movements are driven by the 
spinal activation of motoneurons, and thus can serve as a measure of motoneuron 
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activity. We have taken advantage of this feature to study homeostatic plasticity in a 
living system at a developmental stage where there is a robust expression of homeo-
static mechanisms. Midway through embryonic development, from embryonic day 
8 to 10 (E8 to E10), we have injected antagonists to either glutamatergic (CNQX/
APV) or GABAergic (gabazine or bicuculline) receptors (Fig. 1). GABA is depolar-
izing at this stage of development because neurons have higher intracellular chlo-
ride (Cl−in) than in mature neurons (Rivera et  al. 1999; Farrant and Kaila 2007; 
Gonzalez-Islas et al. 2009; Lindsly et al. 2014). This elevated Cl−in depolarizes the 
reversal potential for GABAA receptors to levels above the resting membrane poten-
tial. Because both of these transmitter systems are depolarizing and excitatory at 
this stage in development, injection of either antagonist transiently abolishes bouts 
of kicking activity. However, within an hour, the kicks begin to return, and by 12 h 
after addition of the antagonists the embryonic movements have homeostatically 
recovered to control levels. The results of these studies are of great importance for 
a couple of reasons. First, this is one of the very few homeostatic studies that actu-
ally show a homeostatic recovery of a network behavior, and do so in vivo. Second, 
the recovery following blockade of GABAergic or glutamatergic neurotransmission 
is highly similar, even though these movements are now driven predominantly by 
either GABAergic or glutamatergic transmission, rather than both. This study sets 
up the first part of this chapter, by establishing the advantages of studying motoneu-
rons in this model system to identify the homeostatic mechanisms that underlie the 
recovery of spontaneous network-driven movements.

Similar studies had shown previously that spontaneous network activity (SNA) 
observed in the isolated spinal cord preparation in vitro could recover its expression 
after GABAergic or glutamatergic receptor blockade, although at a slower fre-
quency (Chub and O’Donovan 1998). On the other hand, recovery was not observed 
following both glutamatergic and GABA/glycinergic blockade. SNA in the intact 
system drives embryonic movements and this kind of activity has been described in 
most developing networks shortly after synaptic connections first form, including 

Fig. 1  Heomeostatic 
recovery of embryonic 
movements 12 h after 
GABAergic or 
glutamatergic antagonists 
added in ovo
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the spinal cord, retina, hippocampus, among others (Ben-Ari et al. 1989; Gummer 
and Mark 1994; Fortin et al. 1995; Itaya et al. 1995; Lippe 1995; O’Donovan et al. 
1998; Fedirchuk et al. 1999; Feller 1999; Ho and Waite 1999; Wong 1999; Ben-Ari 
2001). This activity comprises episodic bursts of network spiking activity that last 
for seconds and are followed by longer lasting quiescent periods, as shown in the 
isolated chick embryo spinal preparation in Fig. 2. These bursts, or episodes, are a 
consequence of the highly excitable nature of a synaptic circuit, in which GABAergic 
neurotransmission is excitatory in early development due to an elevated Cl−in 
(Gonzalez-Islas et al. 2009; Lindsly et al. 2014). During these episodes the majority 
of cells fire action potentials and experience increases in cytoplasmic calcium, 
important in multiple aspects of development. SNA itself is important for several 
aspects of development including synaptic strength, cellular excitability, motoneu-
ron pathfinding, bone and muscle maturation (Ruano-Gil et al. 1978; Toutant et al. 
1979; Hall and Herring 1990; Hanson and Landmesser 2004; Gonzalez-Islas and 
Wenner 2006). Despite its widespread nature, we have an incomplete understanding 
of how SNA influences the maturation of the networks that generate it. The impor-
tance of SNA is highlighted by its ubiquitous expression throughout the developing 
nervous system and the finding that it is under strong homeostatic regulation.

The fact that SNA-driven embryonic movements are restored after neurotrans-
mission blockade led to questions about the compensatory mechanisms that under-
lie this homeostatic process. We break this down into 2 basic components – the 
effector mechanisms that actually alter the system to compensate for the loss of 
excitatory synaptic input and the sensors that detect the altered activity which then 
trigger the downstream effector mechanisms.

Fig. 2  Schematic of the 
isolated spinal cord and 
extracellular suction 
electrode recording 
(DC-coupled) showing 2 
episodes of SNA. These 
recordings represent 
population motoneuron 
(black dots) recordings
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�Synaptic Scaling

While changes in cellular excitability clearly play a role in homeostatic plasticity, 
far more attention has focused on compensatory changes in synaptic strength. 
Synaptic strength for these studies is often measured by the amplitude of miniature 
postsynaptic currents (mPSC or quantal amplitude), which represent the postsynap-
tic responses to the spontaneous release of a single vesicle of transmitter. Many labs 
have demonstrated that altering activity levels of synaptically connected neuronal 
networks in culture for 1–3 days led to compensatory changes in synaptic strength 
that could contribute to the homeostatic recovery of normal activity levels 
(Turrigiano et al. 1998; Lissin et al. 1998; O’Brien et al. 1998; Davis 2006; Rich and 
Wenner 2007; Turrigiano 2008). When activity was blocked for 2 days in cultured 
neuronal networks the entire distribution of glutamatergic mPSC amplitudes 
increased by a scaling factor, and this was termed synaptic scaling (Turrigiano et al. 
1998). In addition, glutamatergic AMPA mPSCs scale down after increased net-
work activity. Typically, scaling is mediated by changes in the number or subunit 
composition of synaptic receptors (Turrigiano 2012). In both cases the strength of 
the synapses changed in a direction that would be expected to compensate for the 
perturbation.

In order to determine whether scaling is present and could underlie the homeo-
static recovery of embryonic movements we reduced SNA in ovo in the chick from 
embryonic day 8–10 (E8–E10) infusing the Na+ channel blocker lidocaine (Gonzalez-
Islas and Wenner 2006). We confirmed the activity reduction by observing a cessa-
tion of embryonic movements through a window in the eggshell. This suggested 
that there was no motoneuron output driven by spontaneous network activity that 
produced visibly detectable limb movements. Embryonic movements were dramati-
cally reduced when lidocaine was infused. Whole cell recordings from activity-
blocked motoneurons 2 days later (E10) in the isolated cord in vitro demonstrated 
compensatory increases in the amplitude of AMPAergic and GABAergic mPSCs 
recorded from motoneurons (~40%). The strengthening was compensatory, because 
GABA is depolarizing and excitatory in the embryo.

The next question was directed at the mechanisms that underly the increase in 
mPSC amplitude. As mentioned above, scaling is typically mediated by changes in 
neurotransmitter receptor expression at the synapse. Indeed, we found that 
AMPAergic upscaling was mediated by an insertion of GluA2-lacking AMPA 
receptors (Garcia-Bereguiain et al. 2013). These receptors are calcium permeable 
and have been described in several previous scaling studies where neurotransmis-
sion is blocked (Thiagarajan et al. 2005; Sutton et al. 2006; Aoto et al. 2008). On the 
other hand, GABAergic scaling was a very different mechanism. Rather than alter-
ing conductance by regulating neurotransmitter receptors we found that GABAergic 
upscaling was mediated by increasing the driving force though intracellular chlo-
ride accumulation (Gonzalez-Islas et al. 2010). In control E10 motoneurons chlo-
ride levels are ~ 50 mM corresponding to a reversal potential of ~ −30 mV, while 
activity blockade resulted in an ~ 80  mM intracellular chloride concentration 
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corresponding to a −10 mV reversal potential. Due to the fact that embryonic chick 
motoneurons exist in a characteristic ventro-lateral location in the developing cord, 
we were also able to easily identify motoneurons and confirmed an increased Cl−in 
using the chloride indicator Clomeleon (Lindsly et al. 2014; Kuner and Augustine 
2000). This represents an elegant means of scaling up as it could increase all syn-
apses by a multiplicative manner, as predicted by the scaling hypothesis. Both the 
high baseline and activity dependent increase in intracellular chloride is mediated 
by at least 2 transporters (NKCC1 and AE3) ((Gonzalez-Islas et al. 2009, 2010) and 
unreported observations).

We first thought that scaling was a homeostatic mechanism to recover the net-
work spiking activity by increasing excitatory synaptic strength. If true then we 
would expect the recovery following either gabazine or CNQX/APV would trigger 
synaptic scaling by the time the movements recovered. We found that gabazine did 
trigger scaling, and increased mPSC amplitude even more so than dramatic reduc-
tions of spiking activity, but interestingly glutamatergic blockade did not trigger any 
scaling of either GABA or AMPA mPSCs (Wilhelm and Wenner 2008). This pro-
vided the first indication that scaling was not simply triggered by a reduction in 
spiking activity. Next, we determined that although scaling was triggered by 48 h of 
GABAergic block, it was not expressed at 12 h of blockade, even though this was 
when the embryonic movements had recovered. Yet another discrepancy was that 
while episodes of SNA expressed in the isolated cord were more frequent after 48 h 
lidocaine treatment, they were not more frequent after 48 h of gabazine treatment 
despite the fact that scaling was robustly expressed at this point. Together, the find-
ings suggested that homeostatic recovery of spiking activity in the network was not 
mediated by scaling. This idea was largely confirmed in a study in which we manip-
ulated the frequency of action potential-independent GABAergic mPSCs (Garcia-
Bereguiain et al. 2016). Since it appeared that blocking GABAA receptor activation 
triggered scaling, we tested whether GABAergic transmission associated with spon-
taneous release of GABA vesicles could influence scaling. In an earlier paper we 
were able to show that blocking nicotinic transmission decreased, and nicotine 
increased, GABAergic mPSC frequency, which gave us a tool to manipulate spon-
taneous GABAergic transmission (Gonzalez-Islas et al. 2016). Although not dem-
onstrated in chick embryo, previous work suggests that presynaptic nicotinic 
receptors act to gate vesicle release in several systems (Barik and Wonnacott 2009). 
We found that reducing GABA mPSC frequency for 2 days (E8–10) induced upward 
scaling of both GABA and AMPA mPSCs, and increasing GABA mPSC frequency 
caused a downscaling of both GABA and AMPA mPSCs. Further, nicotinic induc-
tion of scaling was occluded by GABAA receptor blockade, demonstrating the 
importance of GABAergic transmission in this process. Importantly, when we com-
bined activity blockade (lidocaine) with nicotine treatment we found a downscaling. 
This result was critical because lidocaine blocks spiking which by itself triggers 
upscaling, but this is converted to a downscaling by merely increasing spontaneous 
GABA mPSCs. The result also suggests that spiking activity plays little role in scal-
ing because both nicotine treatment and nicotine plus lidocaine treatment produces 

P. A. Wenner and D. Pekala



93

the same downscaled mPSC amplitude but one increases embryonic movements 
and the other blocks them. These results combined with other parts of this study 
made a strong case for the idea that scaling was tied to GABAA receptor activation 
due to spontaneous quantal release of a single vesicle rather than to spiking activity. 
How could this impact signaling cascades important for triggering scaling? While 
this is currently unclear, we hypothesize that GABAergic mPSCs may produce 
small depolarizations that lead to small calcium transients that are important for the 
scaling process. Alternatively, the large calcium transients associated with strong 
GABAergic transmission and network activation may not be in the appropriate 
range to impact scaling. Our work in embryonic motoneurons in the chick was con-
sistent with the idea that scaling was a process that homeostatically controlled syn-
aptic strength at individual synapses. Similar results demonstrating the importance 
of glutamatergic mPSCs in triggering scaling have been observed in in cortical or 
hippocampal cultures at a stage when GABA is no longer depolarizing (Sutton et al. 
2006; Hou et al. 2008; Maghsoodi et al. 2008; Fong et al. 2015). However, altera-
tions of spiking activity can trigger scaling in certain circumstances, yet it is not 
clear if the signaling pathways underlying these two forms of scaling are similar or 
distinct. On the other hand, it was clear in the chick that the homeostatic recovery 
following transmitter blockade in ovo was not mediated by scaling, but rather must 
be through distinct homeostatic mechanisms. If scaling does not mediate homeo-
static regulation of spiking activity, then what is its function? One possibility is that 
it ensures that a given synapse or dendritic compartment remains sensitive to its 
inputs during developmental challenges where cells get bigger and input resistance 
is reduced.

�Homeostatic Intrinsic Plasticity

In addition to homeostatic synaptic plasticity, cells have been shown to make com-
pensations in membrane excitability, thus changing the likelihood that a synaptic 
input will bring the cell to threshold. For instance, following spike or neurotrans-
mission blockade cortical and hippocampal neurons reduce their threshold current 
through changes in voltage gated conductances (e.g. Na+ and K+ channels)(Desai 
et  al. 1999; Lee et  al. 2015). We thought it was likely that homeostatic intrinsic 
plasticity (HIP) had contributed to the recovery of embryonic movements following 
neurotransmitter blockade since scaling had not occurred by the time recovery was 
achieved. Indeed, we did find evidence that HIP was triggered following GABAergic 
block, and was observed by 12 h of gabazine treatment (Wilhelm et al. 2009). We 
found that the threshold current was reduced and the frequency-current (FI) curve 
shifted to the left by 12 h of gabazine treatment in the isolated cord in the absence 
of any drugs. This suggested that these changes could have contributed to the recov-
ery of embryonic movements following GABAergic blockade. Underlying these 
changes were increases in voltage-gated Na+ channel currents and decreases in two 
different K+ channel currents (IA and IKca) (Wilhelm et al. 2009). Surprisingly, no 
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changes in threshold current or FI curve was observed following 12 h glutamatergic 
blockade. Therefore, while we did see some changes in classical HIP mechanisms 
triggered by gabazine that could help recover embryonic movements, we were still 
in the dark in terms of the mechanisms that underlie the recovery in glutamatergic 
blockade.

Recently we have described a new form of homeostatic intrinsic plasticity that is 
likely to significantly contribute to the recovery of embryonic movements in the first 
hours of either glutamatergic or GABAergic block. Within the first hour of applying 
a neurotransmitter antagonist (either gabazine or CNQX/APV) we see a 10–15 mV 
depolarization of the resting membrane potential (Gonzalez-Islas et al. 2020). This 
brings both motoneurons and interneurons closer to threshold. It is particularly 
important that motoneurons display this form of increased excitability as they are 
responsible for triggering the initiation of an episode of SNA (Wenner and 
O’Donovan 1999). We had not noticed these changes in previous studies because 
they are only observed in the presence of the neurotransmitter receptor antagonists. 
In previous studies the antagonists were injected in the egg, but the drugs were 
washed out when we isolated the spinal cord to look for changes in excitability of 
these cells. The mechanism of this compensatory depolarization of resting mem-
brane potential remains unclear, but one possibility is that it is mediated by an inac-
tivation of the alpha 3 isoform of the Na/K ATPase as shown in Xenopus, Drosophila, 
and in the mouse (Zhang and Sillar 2012; Picton et al. 2017, 2018). This form of the 
Na+ pump has a low affinity for Na+ but generates a hyperpolarizing current when 
Na+ levels are high as occurs in embryonic motoneurons in the chick (Lindsly 
et al. 2017).

In summary, we have been able to significantly advance the field of homeostatic 
plasticity because we could follow the output of the spinal cord, motoneurons, as 
they drive embryonic movements. In this way we could observe the actual homeo-
static recovery of network behavior and compare it to the timing of the expression 
of homeostatic mechanisms. Using this methodology we have determined that 
blocking episodes of SNA with either glutamatergic or GABAergic neurotransmit-
ter antagonists triggers a depolarization of spinal motoneurons and interneurons that 
are likely responsible for the initial recovery (first hours) of embryonic movements 
following this perturbation in ovo. We further show that other mechanisms of HIP 
likely contribute to subsequent aspects of the recovery in the first 12 h following 
GABAergic blockade. Finally, due to the accessibility of motoneurons we were able 
to recognize that while GABAA receptor block triggers scaling, this form of homeo-
static synaptic plasticity does not contribute to the homeostatic recovery of spinal 
network behavior in the embryo. It will be important to see if this principle extends 
to other systems where scaling is induced.
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3 � Translation of Findings in Chick Embryo to Other Systems

These studies in the chick embryo have provided a relatively full picture of homeo-
static plasticity in motoneurons. However, several studies in other systems have 
provided important contributions that deliver more context to these results and in 
many cases they demonstrate that work in the chick translates to other systems. 
Here we discuss these findings.

�Nicotine Exposure to Developing Rat Hypoglossal Motoneurons

Similar to our work in the chick embryo (Garcia-Bereguiain et al. 2016; Gonzalez-
Islas et al. 2016), the Fregosi lab has published a set of papers where vesicle release 
was manipulated during embryonic development by in vivo introduction of nicotine. 
The studies demonstrate what may be homeostatic responses that were observed at 
the neonatal stage in hypoglossal rat motoneurons. Embryos from E5 to the first 
postnatal week were exposed to nicotine in vivo through minipumps implanted into 
the pregnant dam. While it was not completely clear what nicotine did in the rat 
embryo, the authors do show that acute application of nicotine led to an increase in 
spontaneous glutamatergic and GABAergic vesicle release onto hypoglossal moto-
neurons in the P 0–5 neonatal slice (Wollman et  al. 2018a; Buls Wollman et  al. 
2019). This chronic nicotine exposure in vivo during embryogenesis through the 
first neonatal week led to increased intrinsic membrane excitability (Pilarski et al. 
2011), decreased GABAergic vesicle release (Wollman et  al. 2018b), and either 
decreased (Pilarski et al. 2011) or no change in glutamatergic vesicle release (Buls 
Wollman et al. 2019). This could be homeostatic if vesicle release was increased by 
nicotine through embryonic development and caused the compensatory decrease in 
release observed in the first neonatal week. In the chick embryo nicotine, when 
injected into the egg from E8–10 (thus likely increasing GABAergic vesicle release) 
led to a downscaling of AMPA and GABA mPSC amplitudes, and therefore we 
might have expected similar results in rat hypoglossal motoneurons. The Fregosi 
group did find that GABAergic mPSCs were of smaller amplitude (Wollman et al. 
2018b), however in 2 different studies glutamatergic mPSC amplitude was either 
not changed (Buls Wollman et al. 2019) or was increased (Cholanian et al. 2017). In 
addition, while the Fregosi lab saw changes in glutamatergic and GABAergic 
release after chronic nicotine treatment, we did not observe changes in glutamater-
gic or GABAergic mPSC frequency. Therefore, some of the results are consistent 
with observations in the chick embryo, and some could be seen as homeostatic, but 
there were several examples of distinct responses in the two systems and there were 
cases where there was no simple homeostatic rule. For instance, if GABA and 
AMPA vesicle release was increased throughout embryonic development, when 
both are likely depolarizing, then we might expect this to increase activity levels, 
and trigger a homeostatic reduction in intrinsic membrane excitability. However, 
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chronic embryonic nicotine exposure led to hyperexcitable membranes in rat neona-
tal hypoglossal motoneurons. The possible reasons behind the differences in the 
chick and rat are manyfold (e.g. if the critical effect of nicotine exposure in the rat 
was to enhance inhibition). The absolute effect of nicotine on vesicle release or 
other aspects of network behavior in the rat embryo are unknown and may change 
at different stages of embryonic development. In the chick embryo nicotine only 
enhanced GABAergic vesicle release, not both GABAergic and glutamatergic 
release as described in the neonatal rat. To gain a better understanding it will be 
important to identify the effect of nicotine in the rat embryo throughout this period 
and determine the timing or sequence of events that are altered.

�Scaling Induced in Zebrafish Motoneurons Did Not Alter 
Motor Activity

In the isolated cord of the chick embryo, we found that synaptic scaling was not 
accompanied by a change in the frequency or expression of motor activity. A similar 
result was demonstrated in the zebrafish embryo, where scaling could be produced 
but did not influence motor output (Knogler et al. 2010). Drapeau and collaborators 
found that treating embryos chronically with drugs that could alter activity/neuro-
transmission (e.g. TTX, CNQX, TNFα) triggered AMPAergic synaptic scaling in an 
apparent compensatory manner (Knogler et al. 2010). However, this had no influ-
ence on motoneuron activity patterns. The study also acutely increased or decreased 
AMPAergic synaptic strength. This was similar to imposing scaling acutely, but 
again there was no change in motoneuron activity patterns or swimming behavior. 
These results support our findings that scaling does not significantly alter activity 
levels or motor behavior. Instead, it is possible that some other form of homeostatic 
plasticity compensates for scaling (e.g. homeostatic intrinsic plasticity), and that 
scaling may have a distinct functional role.

�Altered Levels of Neurotransmission Can Trigger HIP 
in Fly Motoneurons

Work in the fly Drosophila has provided significant advancements in our under-
standing of homeostatic plasticity in motoneurons due to the flies genetic accessibil-
ity, fast generation times, and ease to screen for motor deficits. Genetically increasing 
or decreasing synaptic input throughout the nervous system in embryonic and larval 
development produced compensatory changes in intrinsic excitability at later larval 
stages (Baines et al. 2001; Baines 2003). For instance, genetically blocking synaptic 
input triggered increases in membrane excitability (leftward shift in FI curve). 
These changes in intrinsic excitability occurred through changes in voltage-gated 
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conductances, including alterations in Na+ channel currents. Further, hyperpolariz-
ing embryonic motoneurons while leaving synaptic inputs intact did not produce the 
changes in voltage-gated conductances that were seen in larval motoneurons from 
synaptically blocked mutants; this suggested that HIP was triggered through changes 
in synaptic activation rather than the associated reductions in spiking activity. These 
results fit nicely with our findings that reductions in GABAergic transmission, 
rather than reduced spiking, triggered increases in intrinsic excitability, and that 
these changes were mediated in part by increased Na+ channel currents (Wilhelm 
et al. 2009). HIP was triggered by blocking GABAergic transmission in the chick 
embryo, but blocking nicotinic transmission in the fly, suggesting the importance of 
different kinds of neurotransmission in different systems.

4 � Novel Homeostatic Principles in Motoneurons 
from Studies in the Developing Fly and Frog

�Identification of Signaling Pathways in Fly 
Embryo Motoneurons

As described above, studies carried out in fly motoneurons show similarities with 
our work, however different studies in this system have dramatically expanded our 
understanding of homeostatic plasticity in motoneurons. Baines and collaborators 
have identified one of the key signaling molecules that mediates the compensatory 
changes in HIP that are triggered by reducing or increasing their cholinergic synap-
tic input (Mee et  al. 2004). This group found that altering synaptic input in the 
embryo led to changes in the expression of a transcriptional repressor called Pumilio, 
which repressed the fly Na+ channel mRNA paralytic or para. For instance, when 
synaptic activation of motoneurons was blocked during the embryonic period, 
Pumilio expression was reduced, which resulted in an increase in para and the per-
sistent Na+ current; this led to an increase in membrane excitability (HIP) at the 
larval stage (Mee et al. 2004; Muraro et al. 2008). This shift in persistent Na+ current 
can be regulated by altering the splice variant of the para gene (Muraro et al. 2008).

In a series of related but distinct studies, this group went on to show that a differ-
ent set of fly mutants had larger synaptic inputs at the larval stage and experienced 
a seizure like behavior (Marley and Baines 2011; Lin et  al. 2012). Interestingly, 
these mutants had a reduced membrane excitability (right shifted FI curve), as if the 
motoneurons had homeostatically adjusted for the increased synaptic input. Despite 
this shift in membrane excitability the larger synaptic inputs triggered more spikes 
and these flies experienced seizure-like phenotypes, which were associated with an 
increase in persistent Na+ currents. The Baines lab has also shown that different 
mutants that experience seizure-like activity can be rescued by the introduction of 
antiepileptic drugs during the embryonic period (Lin et  al. 2012; Giachello and 
Baines 2015). Further, they determined that optogenetically altering activity in the 
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WT motor system during a tightly defined critical period (17–19 h after egg laying) 
could trigger increases in motoneuron synaptic currents as well as inducing seizure-
like activity at the larval stage (Giachello and Baines 2015). This period of embry-
onic development corresponds to the stage at which the motor circuit is first 
functional. These findings suggest an embryonic critical period for triggering hyper-
excitability in the later larval stage that could arise by altering the set point for 
homeostasis (Giachello and Baines 2017).

�Presynaptic Homeostatic Plasticity at the Fly 
Neuromuscular Junction

So far, we have mostly focused on homeostatic mechanisms that are expressed in 
the postsynaptic motoneuron cell body and dendrites. However, a prominent form 
of homeostatic plasticity in the motor system exists in the presynaptic motoneuron 
terminals at the neuromuscular junction (NMJ). This form of presynaptic homeo-
static plasticity was first described at the adult mammalian NMJ and is discussed 
extensively in a separate chapter in this book (see Chap. 5) by Mark Rich, (Plomp 
et al. 1992; Plomp 2017; Wang and Rich 2018)). Instead, we will focus on this pre-
synaptic plasticity as it has been described in development at the Drosophila larval 
NMJ. One of the early observations of presynaptic homeostatic regulation was at 
the NMJ of a Drosophila mutant that exhibited hyperinnervation of a muscle by its 
motoneuron terminal (Davis and Goodman 1998a). Despite a dramatic increase in 
bouton number innervating the muscle, the authors observed a normal evoked 
response upon motoneuron stimulation. This result was shown to arise due to a 
compensatory reduction in the probability of transmitter release from the innervat-
ing motoneuron and was referred to as presynaptic homeostatic depression (PHD).

The pioneering physiological evidence for the mechanism that senses the pertur-
bation and triggers the compensatory change in probability of release (Pr) came 
from experiments in Drosophila with genetic manipulations of muscle-specific glu-
tamate receptors (Petersen et al. 1997; DiAntonio et al. 1999). These studies con-
firmed that loss of Drosophila glutamate receptor subunit (GluRIIA) diminished 
quantal size but left the evoked release intact, due to compensatory increase in quan-
tal content (the number of vesicles released by an action potential in the innervating 
motoneuron). This compensatory increase in release was referred to as presynaptic 
homeostatic potentiation (PHP). Results of these studies indicated a postsynaptic 
component was involved in triggering the plasticity following these chronic pertur-
bations. In another study Frank et  al. (Frank et  al. 2006) showed a similar PHP 
could be observed following an acute pharmacological blockade of postsynaptic 
receptors with a sub-saturating concentration of philanthotoxin (PhTx), an GluRIIA 
antagonist. Following bath application of PhTx to a nerve muscle preparation, it was 
demonstrated that miniature postsynaptic potentials (mEPSPs) in the muscle were 
quickly reduced in amplitude but within 10  min after drug application, quantal 
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content had increased and thus homeostatically maintained the evoked response. We 
illustrate a schematic to summarize the basic principles of acutely induced PHP 
(Fig.  3). This study showed that PHP could occur within minutes, and did not 
require the chronic perturbations throughout development, characteristic of genetic 
modifications (Petersen et  al. 1997; DiAntonio et  al. 1999). This fast PHP was 
dependent on a reduction of postsynaptic glutamate receptor activation that 
depended on action potential-independent neurotransmission (Frank et  al. 2006). 
This was surprising as it suggested the action potential-evoked depolarization that 
was homeostatically maintained was not necessary as a feedback signal, rather it 
was the reduction in receptor activation associated with spontaneous vesicle release 
that was used as a feedback mechanism to calculate the necessary increase in vesi-
cles released during an evoked response. However, one early genetic study of PHP 
suggests that the impaired muscle excitability alone, without altering the function of 
glutamatergic receptors, could initiate a compensatory increase in quantal content 
(Paradis et al. 2001).

While it appears relatively clear that inhibition or loss of postsynaptic glutamate 
receptor function triggered PHP, the retrograde transsynaptic signal back to the pre-
synaptic terminal has been quite elusive. However, several different molecules and 
signaling cascades have been implicated and they are discussed in detail in two 
excellent recent reviews of homeostatic plasticity at the fly NMJ (Frank et al. 2020; 
Goel and Dickman 2021). The postsynaptic trigger for chronic and acute PHP is 

Fig. 3  PHP is triggered by 
partial blockade of 
postsynaptic glutamate 
receptors (green). PHTx 
application reduces the 
miniature excitatory 
postsynaptic potential 
(mEPSP) while the evoked 
excitatory postsynaptic 
potential (EPSP) is 
maintained due to an 
increase in the number of 
vesicles released during an 
action potential
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associated with a reduction of Ca2+/calmodulin dependent protein kinase II 
(CaMKII) (Haghighi et al. 2003; Goel et al. 2017; Li et al. 2018a). While this could 
be the result of a reduction of calcium influx due to blockade or loss of GluRIIA, 
another study showed that the reduction in CaMKII still occurred in the absence of 
extracellular calcium (Goel et al. 2017). Hauswirth et al. (Hauswirth et al. 2018) 
proposed another kinase, phosphoinositide-3-kinase (PI3K), was involved in rapid 
and sustained PHP expression. Finally, ubiquitin ligase Cullin-3 and its adaptor 
insomniac, discovered through a genetic screen of postsynaptic factors in PHP sig-
naling, interacts with multiplexin, an extracellular matrix component which could 
provide a transynaptic bridge for signaling to the presynaptic terminal (Kikuma 
et al. 2019).

The mechanisms of expression of increases in quantal content or vesicle release 
associated with PHP have been better identified than the sensor and retrograde sig-
nals. Reliable neurotransmission during presynaptic plasticity depends on the 
expression of CaV2-type calcium channel Cacophony (Cac), which increases during 
chronic and acute PHP (Frank et al. 2006, 2009; Gratz et al. 2019). In addition to 
increased Cac and increased level of presynaptic Ca2+ during PHP (Gratz et  al. 
2019; Muller and Davis 2012), presynaptic kainite-type ionotropic glutamate recep-
tor (DKaiR1D) (Kiragasi et al. 2017, 2020) and epithelial sodium channel ENaC 
(Younger et al. 2013) have been proposed to contribute to the enhanced release dur-
ing PHP. Interestingly, changes in the size and organization of active zone compo-
nents have also been reported during PHP (Goel et al. 2017; Frank et al. 2009; Gratz 
et al. 2019; Muller and Davis 2012; Weyhersmuller et al. 2011; Muller et al. 2012) 
and these changes can lead to the observed increase in Pr, but also an increase in the 
size of readily releasable synaptic vesicle pool (RRP) (Li et al. 2018a, b; Kiragasi 
et al. 2017; Weyhersmuller et al. 2011; Muller et al. 2012; Gavino et al. 2015). A set 
of studies have concluded that some synapses might be more or less efficient at 
expressing PHP, which could have implications for presynaptic plasticity in mam-
malian CNS, where there is a large range of synapses with different Pr (Newman 
et al. 2017; Genc and Davis 2019).

PHP is far more studied, but there are several examples of PHD, where genetic 
mutations led to a compensatory reduction in quantal content as described in the 
initial Davis and Goodman study, mentioned above, where hyperinnervation pro-
duced the same evoked response as in controls (Davis and Goodman 1998b). In a 
separate study PHD was observed in mutants that expressed higher levels of the 
vesicular glutamate transporter, where vesicles were bigger and contained more 
glutamate per vesicle. This produced miniature postsynaptic potentials with larger 
amplitudes, but the evoked response was of normal size due to a reduction in the 
quantal content (Daniels et al. 2004). While this seems very similar to PHP, but in 
the opposite direction, PHD appears to be a fairly distinct process. First, the core 
genes involved in PHP expression do not seem to be necessary for PHD expression 
(Goel and Dickman 2021). Further, while PHP appears to be dependent on the post-
synaptic response and is triggered by inhibiting postsynaptic receptors, PHD was 
not triggered by the opposite perturbation  – increasing postsynaptic glutamate 
receptors on the muscle (Petersen et al. 1997; Li et al. 2018a, b). In fact, it has been 
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proposed that induction of PHD depends on excess glutamate in the synaptic cleft 
(Daniels et al. 2004). Another study also reinforced the lack of sensitivity of PHD 
in the postsynaptic compartment and proposed that this form of plasticity may be 
autonomous, where the presynaptic neuron uses a negative feedback system, assess-
ing glutamate concentration in the synaptic cleft as a way to homeostatically control 
glutamate release (Li et al. 2018b). In addition, unlike PHP, in PHD observed in 
mutants overexpressing the vesicular glutamate transporter, there did not appear to 
be obvious changes in active zone components, changes to the readily releasable 
pool, or CaMKII activity (Gratz et al. 2019; Gavino et al. 2015; Li et al. 2018b; Goel 
et  al. 2019). On the other hand both PHP and PHD share inverse changes in Pr 
(Frank et al. 2009; Muller et al. 2012; Gavino et al. 2015). Observed changes in 
neurotransmitter release in both PHP and PHD are mediated by altered calcium 
influx in the presynaptic terminal, which increases in PHP and decreases in PHD 
(Gratz et al. 2019; Gavino et al. 2015).

Ultimately presynaptic homeostatic plasticity is a strong adaptive tool that pro-
vides differential control of synaptic efficacy in response to various challenges. PHP 
acts as a homeostat that stabilizes synaptic strength and safeguards NMJ function 
preventing muscle contraction failure (Petersen et al. 1997). PHD could act as glu-
tamate homeostat with possible neuroprotective role from glutamate toxicity (Li 
et al. 2018b; Daniels et al. 2004).

�Channel Coregulation Mediates HIP

In three separate studies in fly larval motoneurons, it was shown that there were 
compensations in ion channel expression that occurred when other ion channels 
were perturbed. In one study the authors showed that two different genes that encode 
the transient A-type potassium channel compensate for each other when one of the 
two is removed (Bergquist et al. 2010). The authors were able to show that loss of 
Shal led to an upregulation of Shaker and vice versa, and this was demonstrated to 
be a transcriptionally coupled process. A separate study demonstrated a coupling 
between para and Shal, such that a Pum-mediated reduction in para resulted in a 
compensatory change in Shal (Muraro et al. 2008). In a final study, a non-reciprocal 
relationship was observed between a delayed rectifier K+ channel encoded by shab 
and a calcium-dependent K+ conductance encoded by slo, a delayed rectifier K+ 
channel, which again was transcription-dependent (Kim et al. 2017). In this study, 
the loss of shal triggered a compensatory upregulation of slo, but loss of slo did not 
result in an upregulation of shal. Therefore, in this case the homeostatic intrinsic 
plasticity was dependent on the nature of the specific current that was compromised. 
The first description of this sort of ion channel coregulation was demonstrated in the 
adult lobster stomatogastric ganglion (MacLean et al. 2003).
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�Homeostatic Regulation of Neurotransmitter Specification 
in Embryonic Xenopus Motoneurons

We have discussed homeostatic synaptic plasticity and homeostatic intrinsic plastic-
ity, but another kind of homeostatic plasticity has been demonstrated in motoneu-
rons that involves neurotransmitter specification. In the Xenopus embryonic neural 
tube it was shown that increasing the frequency of calcium spikes in vivo, triggered 
an increase in spinal neurons expressing inhibitory transmitters (GABA or glycine) 
and a decrease in cells expressing excitatory neurotransmitters (glutamate or acetyl-
choline) (Borodinsky et al. 2004). Motoneurons normally only release acetylcho-
line which acts on nicotinic receptors to produce depolarizing currents in the muscle. 
In fact this group went on to show that when calcium spikes were reduced in fre-
quency in embryonic motoneurons these cells now also produced functional gluta-
matergic depolarizations in muscle (Borodinsky and Spitzer 2007). Similarly, when 
calcium spikes were increased, motoneurons then produced functional GABAergic 
and glycinergic currents in the muscles they innervated. In addition, further studies 
demonstrated that there was a functional gradient of calcium spike frequency from 
high in ventral neural tube to lower in dorsal neural tube, and this was set up by 
morphogenic proteins Sonic hedgehog (Belgacem and Borodinsky 2011) and bone 
morphogenic protein (Swapna and Borodinsky 2012). This then sets up a transcrip-
tion factor and activity dependent interplay to determine neurotransmitter pheno-
type in a manner that appears to pay attention to activity levels, favoring inhibition 
when activity is increased and excitation when activity is reduced (Rosenberg and 
Spitzer 2011; Borodinsky and Belgacem 2016).

5 � Summary

We have gained a great deal of information on the process and mechanisms of 
homeostatic plasticity during development thanks to the access that motoneurons 
provide due to their well characterized locations in the spinal cord, the access one 
has to their axons traveling in separate muscle nerves, and because they drive move-
ments that can be easily observed. Across multiple developing preparations we have 
determined the existence of homeostatic synaptic plasticity (synaptic scaling and 
presynaptic plasticity), HIP, and neurotransmitter switching. Because we can actu-
ally observe a homeostatic recovery of SNA-driven embryonic movements in the 
chick embryo we have determined that different forms of HIP can recover these 
movements. We have also come to the realization that synaptic scaling does not 
contribute to this recovery.
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Homeostatic Plasticity of the Mammalian 
Neuromuscular Junction

Kathrin L. Engisch, Xueyong Wang, and Mark M. Rich

Abstract  The mammalian neuromuscular junction (NMJ) is an ideal preparation to 
study synaptic plasticity. Its simplicity- one input, one postsynaptic target- allows 
experimental manipulations and mechanistic analyses that are impossible at more 
complex synapses. Homeostatic synaptic plasticity attempts to maintain normal 
function in the face of perturbations in activity. At the NMJ, 3 aspects of activity are 
sensed to trigger 3 distinct mechanisms that contribute to homeostatic plasticity:

•	 Block of presynaptic action potentials triggers increased quantal size secondary 
to increased release of acetylcholine from vesicles.

•	 Simultaneous block of pre- and postsynaptic action potentials triggers an increase 
in the probability of vesicle release.

•	 Block of acetylcholine binding to acetylcholine receptors during spontaneous 
fusion of single vesicles triggers an increase in the number of releasable vesicles 
as well as increased motoneuron excitability.

Understanding how the NMJ responds to perturbations of synaptic activity 
informs our understanding of its response to diverse neuromuscular diseases.

Keywords  Neuromuscular junction · Endplate · Acetylcholine receptor · Trophic · 
Motoneuron · Muscle · Plasticity · Homeostatic · Motoneuron

1 � The NMJ Allows for Detailed Measurement of Parameters 
Governing Synaptic Function

The neuromuscular junction (NMJ) serves as the connection between lower moto-
neurons and skeletal muscle. It is made up of a presynaptic nerve terminal from a 
lower motoneuron, which is apposed by acetylcholine receptors that are expressed 
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by the postsynaptic muscle fiber (Fig. 1). Its role in force generation is to reliably 
translate presynaptic axonal action potentials into action potentials in the postsyn-
aptic muscle fiber. Acetylcholine is released from the presynaptic terminal, diffuses 
across the synaptic cleft, and binds to acetylcholine receptors on the muscle. The 
opening of muscle acetylcholine receptors depolarizes the fiber and triggers firing 
of an action potential, completing the process of synaptic transmission. The NMJ is 
easily accessible and because there is only one axon entering the adult NMJ, changes 
in synaptic strength cannot be due to gain or loss of inputs. Details of technical 
considerations and various recording configurations relating to use of the NMJ as a 
model synapse are included at the end of this review.

Two types of synaptic events occur at the NMJ. The first occurs spontaneously 
and is termed either a spontaneous miniature endplate potential (MEPP) or a 

Fig. 1  The mammalian NMJ. (a) Shown is neurofilament staining of an axon entering the NMJ 
from the top left (in green) and SV2 staining of synaptic vesicles at the NMJ (also in green) as well 
as α-bungarotoxin (BTX) staining of acetylcholine receptors (AChRs, in red). When the green and 
red images are superimposed the alignment of presynaptic vesicles with AChRs is apparent. (b) 
Shown are voltage clamp recordings from a single NMJ of both a spontaneous miniature endplate 
current (MEPC) and the endplate current (EPC) evoked by nerve stimulation. The miniature end-
plate current is thought to result from release of acetylcholine from a single vesicle. The endplate 
current is triggered by a nerve action potential and is roughly 50 times larger than the spontane-
ously occurring miniature endplate current, suggesting release of acetylcholine from 50 vesicles. 
The stimulus artifact preceding the endplate current is caused by the current pulse used to trigger 
the nerve action potential
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spontaneous miniature endplate current (MEPC) depending on whether the record-
ing is done in the current clamp or voltage clamp configuration, respectively (Fig. 1). 
The second type of response occurs following nerve stimulation and is termed either 
an endplate potential (EPP) or an endplate current (EPC, Fig. 1). Study of these 
events and the mechanisms underlying them generated hypotheses that are the foun-
dation of our understanding of synaptic function across the nervous system.

One of the central tenets of synaptic transmission, the “vesicle hypothesis,” was 
generated at the NMJ. This hypothesis is that packets of neurotransmitter released 
via fusion of synaptic vesicles are the basic unit of synaptic transmission. One rea-
son the vesicle hypothesis was generated at the NMJ rather than CNS synapses is 
that quantal amplitude (the postsynaptic response to release of a single vesicle) is 
much more variable at CNS synapses (Korn and Faber 1991). The variability in 
quantal amplitude at CNS synapses makes it difficult to determine quantal content 
(the number of vesicles released) following stimulation of the presynaptic input 
(evoked release). In contrast, at the NMJ, quantal amplitude has a relatively narrow 
distribution which is close to a normal distribution (Wang et al. 2011). This advan-
tage of the NMJ is critical when studying synaptic function and plasticity of 
function.

The vesicle hypothesis was generated by recording at the NMJ in solutions with 
very low extracellular calcium concentrations (with accompanying raised magne-
sium to prevent hyperexcitability). When extracellular calcium is low, evoked 
release becomes so small that quantal content varies between 0, 1 or 2. Under these 
conditions (a low probability of vesicle release), the frequency of 0s, 1s and 2s can 
be predicted by the Poisson distribution, and the average quantal content, m, calcu-
lated from the Poisson formula (m = ln number of stimuli/number of failures), 
matches the quantal content determined by dividing EPP amplitude by MEPP 
amplitude (Del Castillo and Katz 1954; Boyd and Martin 1956). These experiments 
provided a key piece of evidence that evoked responses were due to the combined 
effect of packets of transmitter that were probabilistically released. They further 
demonstrated that the MEPP was the basic unit of synaptic transmission. MEPPs 
were subsequently proposed to correspond to the release of acetylcholine from one 
vesicle (Heuser et al. 1979; Heuser and Reese 1981).

Two difficulties with using the Poisson distribution are that it is generally only 
useful when probability of release is low (such that there are failures) and it only has 
one parameter: m, leaving two critical parameters, p and n, hidden. p is the probabil-
ity of an event happening, such as flipping a coin and getting heads. n is the number 
of chances for the event to happen, for example how many times the coins is flipped. 
It is generally agreed that p represents the probability of release of the contents of 
one synaptic vesicle (Miyamoto 1975; Redman 1990; Korn and Faber 1991; Provan 
and Miyamoto 1993). Evidence from the frog NMJ indicates that n represents the 
number of active zones (Wernig 1975; Kelly and Robbins 1987). Alternatively, n 
may represent the number of releasable (docked) vesicles (Searl and Silinsky 2002; 
Stevens 2003). The use of binomial statistics to derive p and n at synapses (as well 
as the use of Poisson statistics) is well described in a review by Korn and Faber 
(Korn and Faber 1991).
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At the NMJ p and n can be estimated by measuring the variance of quantal con-
tent when probability is varied by varying extracellular calcium concentration 
(Wang et al. 2010a, b). Quantal content is measured by repeatedly evoking EPCs at 
a slow rate of simulation (0.5 Hz) to avoid the depression or facilitation of EPC 
amplitude that occurs with high rates of stimulation. Quantal content of each stimu-
lation is determined by dividing EPC amplitude by the mean MEPC amplitude. 
Mean quantal content and variance of quantal content (the square of standard devia-
tion) can then be calculated. Plotting the variance of quantal content versus mean 
quantal content (varied by changing calcium concentration) generates a plot that 
allows for graphical estimation of p and n (Wang et al. 2010a, b) (Fig. 2). When p is 
either very high or very low, the variance in quantal content becomes small (each 
releasable vesicle is either always being released or never being released, respec-
tively). When probability of release for each vesicle is 50%, variance of quantal 
content is maximal.

Fig. 2  Determination p and n using analysis of variance of quantal content at the NMJ. To deter-
mine p and n at the NMJ one can plot the variance (standard deviation squared) of quantal content 
versus quantal content. Each parabola represents the plot for a given n as p is increased from 0 to 
1.0, assuming uniform p for all synaptic sites. Included in the plot shown are the parabolas for 
n = 20 up to n = 200. All the parabolas start with Var(m) = 0 when m = 0 and increase to a maximum 
Var(m) when p = 0.5. When p reaches 1.0 for each n, Var(m) again equals 0 and n = m as every 
vesicle that can be released is released. Intersecting the parabolas are straight lines representing the 
theoretical plot for a given p as n is increased. Each point on the plot has a unique p and n allowing 
for simultaneous measurement of both parameters. One limitation of this analysis is that when p is 
low, the parabolas for various values of n run together, making determination of p and n difficult. 
Superimposed on the theoretical lines for values of p and n are the mean value and standard error 
of Var(m) plotted versus m for control NMJs, NMJs in which pre- and postsynaptic action poten-
tials were blocked by placement of a tetrodotoxin (TTX) containing cuff on the sciatic nerve for 1 
week and NMJs in which AChRs were partially blocked with α-bungarotoxin (BTX) for 4–5 days. 
All recordings were performed in solution containing 1 mM Ca2+. Following block of action poten-
tials there was an increase in m that was accompanied by reduction in Var(m): indicating an 
increase in p while n remained constant. Following block of AChRs there was an increase in m that 
was accompanied by a dramatic increase in Var(m): indicating p may have decreased slightly while 
n increased dramatically. (Wang et al. 2010b)

K. L. Engisch et al.



115

2 � Homeostatic Synaptic Plasticity at the Mouse NMJ

Homeostatic synaptic plasticity was initially demonstrated in vitro by adding drugs 
which either increased or decreased action potentials in the neuronal networks for 
several days. It was found that the networks responded in ways that opposed the 
manipulation of network activity (O’Brien et  al. 1998; Turrigiano et  al. 1998). 
Because the plasticity works towards restoring normal activity it was termed 
“homeostatic.” A central question in studies of activity-dependent synaptic plastic-
ity is how changes in synaptic activity are sensed (Rich and Wenner 2007). Potential 
ways that loss of synaptic activity might be sensed include loss of signals generated 
by presynaptic action potentials, such as loss of the rise in intracellular calcium or 
depolarization in the presynaptic terminal; loss of those same signals in the postsyn-
aptic cell; or, lack of binding of acetylcholine to acetylcholine receptors (AChRs). 
After considering the ways in which alterations in synaptic activity are sensed to 
trigger homeostatic plasticity, we will discuss the alteration in synaptic function 
triggered by the various disruptions of activity.

Homeostatic plasticity at the mouse NMJ has been examined following two dis-
tinct ways of manipulating neuromuscular activity. In the first, action potentials of 
both nerve and muscle were blocked using placement of a cuff around the sciatic 
nerve in vivo to slowly release tetrodotoxin (TTX) and inhibit Na channels. This 
manipulation also blocks the release of acetylcholine triggered by presynaptic 
action potentials but does not affect acetylcholine release from spontaneous vesicle 
fusion. In the second, drugs which block muscle AChRs were injected in vivo or 
were acutely applied to muscle in vitro, which spares presynaptic action potentials 
and release of acetylcholine. The homeostatic responses triggered by these two 
manipulations of neuromuscular activity differ and will be considered separately.

3 � Homeostatic Plasticity of Synaptic Function Triggered by 
Block of Action Potentials

�Regulation of Quantal Amplitude

Action potentials at the NMJ can be blocked in vivo for days via placement of a cuff 
around the sciatic nerve to cause slow release of TTX to block Na channels. 
Following chronic (~1 week) loss of action potentials in both nerve and muscle, the 
EPC was increased. The cause of the increase in EPC amplitude was an increase in 
the MEPC amplitude with no increase in quantal content (Wang et al. 2005).

Block of nerve action potentials with a TTX cuff also blocks muscle action 
potentials. Therefore, it was not clear whether block of action potentials in the nerve 
or muscle was responsible for triggering the homeostatic increase in quantal ampli-
tude. To address this question, a TTX cuff was placed on the sciatic nerve of mice 
with myotonia congenita. These mice have a loss of function mutation in the muscle 
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chloride channel; the muscle is hyperexcitable and spontaneously fires action poten-
tials, and this spontaneous action potential activity in the muscle continues even 
when nerve action potentials are blocked with a TTX cuff (Wang et al. 2005). MEPC 
amplitude in mice with myotonia congenita was larger following block of nerve 
activity despite the presence of continued muscle activity. These data suggest block 
of presynaptic action potentials triggers the increase in quantal amplitude (Wang 
et al. 2005).

Changes in quantal amplitude can be caused by a presynaptic change in the 
amount of acetylcholine released from a single vesicle, a change in the breakdown 
of acetylcholine by acetylcholinesterase, or a change in the current generated by 
postsynaptic AChRs (either number of AChRs or single channel conductance) 
(Wang et al. 2005). If a signal associated with presynaptic action potentials is the 
sensor for regulation of quantal amplitude, it seems more likely that a presynaptic 
change, such as increased acetylcholine release from vesicles, would be the under-
lying mechanism, rather than an increase in number of postsynaptic AChRs 
(although the latter could be a result of anterograde signaling across the synapse). 
Consistent with this idea, the increase in quantal amplitude was not associated with 
increased AChRs (Wang et al. 2005). The role of altered acetylcholinesterase func-
tion was also ruled out, because the increase in quantal amplitude persisted after 
complete block of acetylcholinesterase (Wang et al. 2005). This leaves either a pre-
synaptic increase in the amount of acetylcholine release per quantum or an increase 
in single channel conductance of AChRs as the mechanism responsible.

Support for a presynaptic mechanism underlying the homeostatic increase in 
MEPC amplitude comes from absence of the increase in mice with a point mutation 
in the synaptic vesicle protein Rab3A (Wang et  al. 2011). Disruption in Rab3A 
function has been shown to affect the time course of release from a single vesicle in 
both adrenal chromaffin cells, where it causes an increase in the duration of the 
fusion pore preceding full fusion (Wang et al. 2008), and at the neuromuscular junc-
tion, where it leads to an increase in abnormal, long duration MEPCs (Wang et al. 
2008). These studies led to the following hypothesis: reduction in presynaptic action 
potentials is sensed by the presynaptic terminal, altering Rab3A function, which 
triggers an increase in the amount of acetylcholine released with fusion of a single 
vesicle. Generation of this hypothesis benefitted from the ability to selectively 
manipulate presynaptic and postsynaptic activity at the NMJ as well as the lack of 
variability of quantal amplitude.

�Regulation of Probability of Release (p)

When extracellular Ca2+ was normal, the only contributor to increased EPC ampli-
tude following block of action potentials was the increase in MEPC amplitude. 
However, when extracellular Ca2+ was lowered, there was a doubling in the number 
of vesicles released by a presynaptic action potential (quantal content) (Wang et al. 
2004, 2010b). Estimation of p and n using the variance analysis described above 
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revealed an increase in p with no change in n as the mechanism underlying the 
increase (Wang et al. 2010b) (Fig. 2). Because p is near maximal at the NMJ in 
normal physiologic solution, the increase had no effect on quantal content when 
extracellular Ca2+ was normal (Wang et al. 2010a, b). The only way to appreciate 
that synaptic plasticity had occurred was to lower extracellular Ca, reducing p below 
maximal.

Although as described above, block of action potentials at the NMJ in wild type 
mice triggered an increase in p (Wang et al. 2010b), selective block of presynaptic 
action potentials in mice with myotonia congenita did not increase p (Wang and 
Rich unpublished). Block of AChRs, which selectively blocks muscle action poten-
tials, was also insufficient to increase p (Wang et al. 2010b). These data suggest 
selective block of presynaptic or postsynaptic action potentials alone is insufficient 
to trigger the increase. The increase is only triggered when both pre- and postsyn-
aptic action potentials are blocked simultaneously. How the simultaneous block of 
pre- and postsynaptic action potentials is sensed is unknown, but it suggests there is 
communication between the presynaptic nerve and postsynaptic muscle.

The mechanism responsible for the increase in p is an increase in Ca2+ entry 
through P/Q type Ca2+ channels. When P/Q type Ca2+ channels were blocked with 
ω-agatoxin during the recording of EPCs, the increase in quantal content triggered 
by placement of a TTX cuff around the nerve was eliminated (Wang et al. 2004). A 
similar mechanism appears to contribute to upregulation of quantal content at the 
drosophila NMJ following partial block of postsynaptic glutamate receptors (Muller 
and Davis 2012). A point mutation in the presynaptic Ca2+ channel of drosophila, 
which prevents Ca2+ entry through the channel, prevented the upregulation in pre-
synaptic Ca2+ entry responsible for the upregulation of quantal content after block 
of glutamate receptors (Muller and Davis 2012). Note that although a similar mech-
anism (increased Ca2+ entry) is involved in increasing quantal content in both sys-
tems, what triggers the increase appears to differ, being induced by only block of 
receptors in drosophila but requiring disruption of action potentials in both the pre- 
and postsynaptic elements in mouse. One possible explanation for the difference is 
that block of action potentials at the mammalian NMJ might block release of neu-
rotransmitters other than acetylcholine. It has been shown that activation of NMDA 
receptors by glutamate at the NMJ affects developmental synaptic plasticity 
(Personius et al. 2016) and functional NMDA receptors appear to be present at the 
adult mammalian NMJ (Mays et al. 2009; Proskurina et al. 2018).

�Summary of Changes in Synaptic Function Following Block 
of Action Potentials

The changes in NMJ function triggered by block of action potentials at the NMJ are 
summarized in Fig. 3. When both pre- and postsynaptic action potentials are blocked 
(as would normally occur in vivo) there is both an increase in quantal amplitude due 
to increased release of acetylcholine, and an increase in p which is likely due to 
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Fig. 3  Homeostatic synaptic plasticity at the mouse NMJ triggered by prolonged block of pre- and 
postsynaptic action potentials. In the top row, synaptic function is shown in solution containing 
normal external Ca2+. Following block of action potentials there are two changes in synaptic func-
tion. The first is an increase in the release of acetylcholine during fusion of individual synaptic 
vesicles (illustrated as increased acetylcholine in the synaptic cleft). The second change is an 
increase in probability of release of vesicles that appears to be due to increased entry of Ca2+ into 
the presynaptic terminal during an action potential. When extracellular Ca2+ is normal, the increase 
in Ca2+ entry has no significant effect on the number of synaptic vesicles released (quantal content) 
as each releasable vesicle is already released with each action potential. In the bottom row is shown 
the situation when extracellular Ca2+ is lowered. In this case Ca2+ entry during the action potential 
limits quantal content. When Ca2+ entry is increased following block of action potentials, there is 
an increase in quantal content. In addition, there is increased acetylcholine release from each ves-
icle. This combines with the increase in quantal content to cause a dramatic increase in synaptic 
strength. This is illustrated as an increase from 2 to 8 acetylcholine molecules in the synaptic cleft. 
AChR = acetylcholine receptor. (This figure is reproduced from Wang and Rich 2018)

increased Ca2+ entry through P/Q channels. While the increase in p has little effect 
on the function of the NMJ in physiologic solution in vivo, it might be beneficial in 
diseases such Lambert Eaton Myasthenic Syndrome, where reduction of presynap-
tic Ca2+ entry causes pathologic reduction in probability of release (Vincent et al. 
1989; Engisch et al. 1999).

4 � Homeostatic Plasticity of Synaptic Function Triggered by 
Partial Block of AChRs

�Regulation of the Number of Releasable Vesicles (n)

Many studies have found that when postsynaptic AChRs are partially blocked at the 
NMJ, there is an increase in quantal content (for review see (Plomp 2017; Wang and 
Rich 2018)). The first report of increased quantal content at the mammalian NMJ 
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following reduced number of functional postsynaptic AChRs came from studies of 
patients with myasthenia gravis, an autoimmune disease directed against AChRs 
(Molenaar et al. 1979; Cull-Candy et al. 1980). A similar increase in quantal content 
occurs following block of AChRs in multiple species including rat (Plomp et al. 
1992, 1994), snake (Harborne et al. 1988), cat (Blaber 1972), frog (Magleby et al. 
1981) and mouse (Wang et al. 2016, 2018). Variance analysis of quantal content 
revealed that the mechanism underlying the increase in quantal content is an increase 
in n with no associated increase in p (Tian et al. 1994; Wang et al. 2010b) (Fig. 2). 
The conservation of this mechanism across multiple species suggests it serves an 
important function in vivo.

The increase in quantal content is present the first time that the nerve is stimu-
lated after applying blockers of AChRs, ruling out loss of presynaptic or postsynap-
tic action potentials as the signal that is sensed. How can partial block of ACh 
receptors be sensed in the absence of action potential evoked release of acetylcho-
line? The answer appears to be that the muscle is sensing the reduced binding of 
acetylcholine to AChRs during MEPPs (Wang et  al. 2010b, 2018). This finding 
complements studies of synaptic plasticity in the developing chick spinal cord, in 
which it was found that pharmacologically altering the frequency of spontaneous 
vesicle release was able to fully account for homeostatic changes in quantal ampli-
tude whereas dramatic changes in spiking activity associated with spontaneous net-
work activity had little effect on quantal amplitude (Garcia-Bereguiain et al. 2016; 
Gonzalez-Islas et al. 2018). Together, our work at the NMJ and the work in the chick 
spinal cord demonstrate an important role for spontaneous neurotransmitter release 
in triggering synaptic plasticity in vivo- something that has been debated since its 
discovery close to 60 years ago (for review see (Kavalali et al. 2011; Kavalali 2015)).

The increase in quantal content occurred even when muscle fibers were voltage 
clamped at a constant membrane potential, indicating that the signal could not be 
the loss of depolarization during MEPPs. Current flow during MEPCs was also 
found not to be involved as changing the muscle membrane potential (which changes 
MEPC amplitude) via voltage clamp had no effect on quantal content (Wang et al. 
2018). The only change that correlated with the increase in quantal content was an 
approximately 15% shortening in the duration of MEPCs that occurred following 
partial block of AChRs with 5 different AChR blocking drugs (Wang et al. 2018). 
Surprisingly, treatment with acetylcholine and succinylcholine, which both reduced 
MEPC amplitude due to desensitization of AChRs, did not shorten MEPC duration 
and did not trigger the increase in quantal content. Our interpretation is that block-
ers of AChRs trigger a change in the state of AChRs such that their open time is 
decreased (Wang et al. 2018). However, such a change has not, to our knowledge, 
ever been demonstrated. The change in AChR state is somehow communicated to 
the presynaptic terminal to cause an increase in n. We propose that in addition to 
functioning in synaptic transmission, AChRs at the NMJ serve as signaling mole-
cules that trigger synaptic plasticity.

The increase in quantal content triggered by partial block of AChRs occurs in 
physiologic solution, but not in a solution in which extracellular Ca2+ is lowered 
(Gallant 1982; Matzner et al. 1988; Molenaar et al. 1991; Plomp et al. 1992, 1994, 
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1995, Tian et al. 1994, 1997; Wilson et al. 1995; Wang et al. 2010b, 2016). The find-
ing that the increase in quantal content was dependent on adequate extracellular 
Ca2+ led to the question of whether Ca2+ entry during action potentials is involved. 
This possibility was tested by application of 3,4 diaminopyridine when extracellular 
Ca2+ was reduced. 3,4 diaminopyridine blocks voltage gated K channels in the pre-
synaptic terminal, widening the action potential and allowing greater Ca2+ entry 
(Thomsen and Wilson 1983). Under these conditions, the increase in quantal con-
tent following block of AChRs was present when extracellular Ca2+ was low (Wang 
et al. 2016). We conclude that a certain minimal amount of Ca2+ entry during action 
potentials is necessary for this synaptic plasticity to be observed.

The other feature of the increase in quantal content triggered by partial block of 
AChRs is that it is highly dependent on stimulation frequency. The increase in quan-
tal content was only present at low frequency stimulation or during the first few 
pulses of a train of action potentials (Magleby et al. 1981; Wilson 1982; Hong and 
Chang 1991; Wilson and Thomsen 1991, Tian et al. 1994, 1997). The depression of 
EPC amplitude during trains of stimuli was shown not to be due to reduction of 
postsynaptic sensitivity to acetylcholine in two studies using different methods. In 
the first, iontophoretic application of acetylcholine was used and the response did 
not decrease during a train of stimuli (Gibb and Marshall 1984). In the second, 
MEPP amplitude was followed and did not decrease in parallel with EPP amplitude 
during repetitive stimulation (Hong and Chang 1991). Both studies suggest reduced 
action potential-evoked release of acetylcholine is the cause of the depression 
occurring with repetitive stimulation.

Our hypothesis is that homeostatic upregulation of quantal content is accom-
plished by mobilizing a unique pool of synaptic vesicles which are able to be replen-
ished during low, but not high rates of stimulation (Wang et al. 2016). Furthermore, 
this pool of vesicles requires relatively high levels of Ca2+ entry during action poten-
tials to be released; they do not participate in release when Ca2+ entry is reduced. 
Figure 4 provides a summary of the hypothesis. The hypothesis illustrated in Fig. 4 
was supported by estimating the number of releasable vesicles before and after par-
tial block of AChRs. Two methods were used to estimate the size of the pool of 
vesicles recruited to participate in release following partial block of AChRs. In the 
first method, rapid repetitive stimulation was applied and depression of the EPC 
measured. High frequency stimulation does not allow enough time for replenish-
ment of the readily releasable vesicle pool (Schneggenburger et al. 1999; Ruiz et al. 
2011). By measuring the difference in quantal content at the beginning and at the 
end of high frequency stimulation, one can estimate the number of vesicles in the 
pool that was depleted. Using high frequency stimulation we estimated there was an 
increase of 244 in the pool of readily releasable vesicles following partial block of 
AChRs (Wang et al. 2016). In the second method, refilling of synaptic vesicles was 
inhibited using the drug vesamicol. Any vesicles that were released could not be 
refilled after membrane recycling and so would no longer participate in synaptic 
transmission. When vesicle refilling was prevented, partial block of AChRs trig-
gered an increase in quantal content that was transient. With repeated stimulation, 
the increase in quantal content disappeared, whereas when vesicle refilling was 
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Fig. 4  The increase in n following block of AChRs. In the top row is shown synaptic function in 
solution containing normal external Ca2+. Two types of synaptic vesicles are present. The blue 
vesicles represent normal vesicles that participate in synaptic transmission at baseline. The red 
vesicles represent a special pool of synaptic vesicles that normally do not play an important role in 
synaptic transmission. A few vesicles in this pool are released late in the course of the synaptic 
current (indicated by the long dotted red arrow). Following partial block of AChRs, the special 
pool of synaptic vesicles is released more rapidly (synchronous with the normal pool). In addition, 
the special pool of vesicles rapidly recycles (indicated by the curved red arrow) to increase quantal 
content. In solution containing low extracellular Ca2+, Ca2+ entry during action potentials is insuf-
ficient for the special pool of vesicles to participate in release. (This figure is reproduced from 
Wang and Rich 2018)

allowed, the increase was maintained (Wang et al. 2016). Vesamicol causes a steady 
decline in quantal content as vesicles become depleted and no longer contribute. We 
were able to estimate the additional vesicles after receptor blockade by comparing 
the decline before and after receptor block. The “extra” vesicles released gave an 
estimate of 316 vesicles recruited to the releasable pool by partial block of AChRs. 
This estimate was similar to the estimate obtained by using high rates of repetitive 
stimulation (Wang et al. 2016).

The molecular signaling pathway involved in the upregulation of n is not well 
understood. Inhibition of Ca2+/calmodulin-dependent protein kinase II (CaMKII) 
and Trk tyrosine kinases prevented the upregulation of n at the rat NMJ after partial 
block of AChRs with α-bungarotoxin (Plomp and Molenaar 1996). A number of 
proteins have been identified at the drosophila NMJ that participate in the upregula-
tion of quantal content following block of postsynaptic glutamate receptors (Davis 
and Muller 2015). A member of the peptidoglycan pattern recognition receptor fam-
ily as well as endostatin (an antiangiogenesis signaling factor) and semaphorin-
plexin signaling have all been proposed to be involved in the retrograde signaling 
from muscle to nerve (Wang et al. 2014; Harris et al. 2015; Orr et al. 2017). Other 
molecules demonstrated to be required using genetic manipulations in drosophila 
include a presynaptic Na channel (Younger et al. 2013), dysbindin (a gene linked to 
schizophrenia) (Dickman and Davis 2009), Rab3A interacting molecule (RIM) 
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(Muller et al. 2012) as well as several innate immune signaling genes (Harris et al. 
2018). Whether any of these proteins are involved in the increase in n or p during 
homeostatic plasticity at the mammalian NMJ is unknown.

�Homeostatic Plasticity of Motoneuron Excitability Following 
Partial Block of AChRs

In addition to triggering the increase in quantal content, block of AChRs also trig-
gers an increase in motoneuron excitability, which manifests as a reduction in the 
amount of current necessary to bring the cell to threshold (rheobase current) 
(Nakanishi et al. 2005). This suggests that activation of AChRs is involved in a ret-
rograde trophic signaling from muscle that regulates excitability of the motoneuron.

Loss of this retrograde trophic signal may be the mechanism responsible for an 
increase in motoneuron excitability previously described following peripheral nerve 
injury (Foehring et al. 1986a, b; Pinter and Vanden Noven 1989). The increase in 
excitability following nerve injury could be a consequence of injury per se, or loss 
of a trophic signal from the NMJ, or a combination of the two. The post-injury 
changes in excitability persist if motoneurons remain disconnected from muscle and 
recover when muscle is reinnervated (Foehring et al. 1986a, b; Pinter and Vanden 
Noven 1989). These data argue against injury being the signal triggering the increase 
in excitability and instead favor loss of a trophic signal as the mechanism. Further 
evidence that the changes are not due to injury come from the finding that block of 
vesicle fusion by botulinum toxin can trigger the change (Pinter et al. 1991). The 
botulinum data and the finding that block of AChRs triggers increased motoneuron 
excitability suggest that either loss activation of AChRs or loss of a signal deriving 
during muscle action potentials is the trigger.

To determine whether muscle action potentials were necessary for the signal, 
motor axons were crushed and then allowed to regenerate to muscle through TTX 
containing cuffs that prevented nerve and muscle action potentials. Despite the 
block of evoked release of acetylcholine and muscle action potentials, motoneuron 
excitability returned to normal when nerve regenerated into muscle (Bichler et al. 
2007). A signal that remains when action potentials are blocked is the spontaneous 
occurrence of MEPPs. Combining these findings with previous studies suggests the 
presence of a retrograde trophic signal from muscle mediated by activation of 
AChRs during MEPPs. Loss of this signal following nerve injury, botulinum toxin 
or block of AChRs triggers an increase in motoneuron excitability. One possibility 
is that ACh released during MEPPs could have its effect on both quantal content and 
motoneuron excitability by binding presynaptic α-7 subunit containing AChRs. 
However, specific block of α-1 subunit containing AChRs on muscle triggered the 
increase quantal content and the increase still occurred following block of AChRs in 
mice lacking α-7 subunit containing AChRs (Wang et al. 2018). While this does not 
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rule out involvement of presynaptic AChRs in motoneuron plasticity, it does not 
favor the possibility.

�Summary of Homeostatic Changes in Synaptic Function 
and Their Implications for Disease

Shown in Fig. 5 is a summary of homeostatic synaptic plasticity at the mammalian 
NMJ. Perturbation of distinct aspects of synaptic activity are sensed to trigger dis-
tinct changes is synaptic function and motoneuron excitability. Block of nerve 
action potentials triggers increased quantal size secondary to increased release of 
acetylcholine from vesicles and, combined with the loss of muscle action potentials 

Fig. 5  Summary of homeostatic synaptic plasticity and the mammalian NMJ. Block of action 
potentials in the presynaptic axon, which also causes block of muscle action potentials, triggers to 
an increase in quantal amplitude as well as an increase in p. Block of postsynaptic AChRs on 
muscle causes a retrograde signal(s) that increases both n at the nerve terminal and an increase in 
motoneuron excitability that is present in the cell body in the spinal cord
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caused by loss of nerve action potentials, also triggers an increase in the probability 
of vesicle release. Block of acetylcholine binding to AChRs during MEPPs triggers 
an increase in n as well as an increase in motoneuron excitability.

The understanding of homeostatic synaptic plasticity achieved by studies 
described here identifies mechanisms that could be involved in the response of the 
NMJ and motoneuron to various diseases. In myasthenia gravis, block and destruc-
tion of AChRs likely triggers homeostatic responses in the NMJ and motoneuron 
(Wang and Rich 2018). The increased release of acetylcholine may combat failure 
of neuromuscular transmission while the effects of increased motoneuron excitabil-
ity are more difficult to predict. In the motoneuron disease spinal muscular atrophy, 
there is a reduction in synaptic inputs to motoneurons (Fletcher et al. 2017) that may 
lessen action potential firing and trigger an increase in quantal amplitude and prob-
ability of vesicle release. As we continue to increase our understanding of how the 
NMJ responds to perturbations in activity, we may one day be able to harness 
homeostatic responses in order to provide effective therapies for diseases affecting 
the motoneuron and NMJ. Furthermore, homeostatic mechanisms that turn out to be 
conserved at central synapses might be enlisted to treat neurological disorders.

5 � Technical Considerations

�Preventing Muscle Contraction and Activation of Muscle 
Na Channels

While the NMJ has the advantages of having a single input and less variability in 
quantal amplitude than CNS synapses (Korn and Faber 1991), there are technical 
challenges that must be overcome. One challenge of using the NMJ as a model 
synapse is that its normal function is to trigger muscle contraction, which causes 
loss of impalement of the postsynaptic muscle fiber (Rich 2006). Four approaches 
have been taken to eliminate muscle contraction. (1) Partial blockade of AChRs 
with a toxin such as curare, lessens depolarization of muscle, preventing generation 
of action potentials because the endplate potential is reduced below threshold (Boyd 
and Martin 1956). Unfortunately, this approach perturbs synaptic function, the very 
thing one wants to study. (2) Reduction of extracellular calcium concentration 
reduces release below action potential threshold, often in tandem with increased 
extracellular magnesium. Again, however, one has had to perturb synaptic function. 
(3) Crushing muscle fibers away from the endplate region depolarizes muscle and 
inactivates Na channels (Barstad and Lilleheil 1968). In this situation, no action 
potential can be generated and there is no contraction. This method is inexpensive 
and does not alter the number of vesicles released, but has the disadvantage that 
release of potassium from crushed muscle fibers can cause block of conduction of 
presynaptic action potentials. It takes close to an hour for the preparation to recover 
prior to recording, and then recording time is generally limited to less than 2  h 
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because muscle fibers gradually repolarize and regain the ability to contract. 
(4) Nav1.4 type sodium channels expressed by skeletal muscle can be selectively 
blocked using μ-conotoxin GIIIB (Robitaille and Charlton 1992; Wood and Slater 
1997). At the correct dose, μ-conotoxin spares presynaptic action potentials, while 
eliminating contraction by blocking postsynaptic action potentials. In this case one 
has not altered function and the preparation is stable over time. The disadvantage is 
that it is expensive.

�Pros and Cons of Recording Configurations

In many studies of neuromuscular transmission, a single electrode is inserted into 
the muscle fiber and the membrane potential of the fiber measured as the attached 
motor nerve is stimulated. This type of recording produces an “endplate potential” 
(EPP), typically ~50 mV in physiologic solution (Khedraki et al. 2017). This method 
is easy to perform; it does not require visualization of the electrode, and only a 
single electrode has to be inserted into a muscle fiber. However, one issue is that 
changes in muscle fiber properties such as input resistance and capacitance can 
affect the amplitude of the postsynaptic depolarization caused by synaptic current, 
which can lead to incorrect conclusions about changes in synaptic function 
(Khedraki et al. 2017). An example of a disease in which there are profound changes 
in muscle properties in addition to changes in NMJ function is spinal muscular 
atrophy. In spinal muscular atrophy, muscle fibers are much smaller and there is a 
reduction in quantal content due to a reduction in probability of release (Kong et al. 
2009; Ruiz et al. 2010; Martinez et al. 2012). The magnitude of the reduction in 
quantal content can be underestimated when measuring the EPP, as the EPP ampli-
tude is increased by the high input resistance and low capacitance of the small 
fibers. A second disease in which muscle fiber properties and NMJ function are both 
altered is Huntington’s disease in which there is increased input resistance and 
reduced capacitance of muscle fibers along with a reduction in quantal content 
(Waters et al. 2013; Khedraki et al. 2017; Miranda et al. 2017).

A second issue with using a single electrode to record endplate potentials is that 
when the endplate potential gets close to the reversal potential of current flow 
through acetylcholine receptors, each additional vesicle that releases acetylcholine 
triggers less depolarization. This is known as non-linear summation of the endplate 
potential and requires correction in order to more accurately estimate the number of 
synaptic vesicles released (McLachlan and Martin 1981).

The use of two electrode voltage clamp eliminates the confounds introduced by 
differences in muscle fiber resistance and capacitance, but is more technically chal-
lenging to perform. In this method, two electrodes are inserted into a single muscle 
fiber, one to sample the difference between the membrane potential and the desired 
potential; the other to inject current to clamp the membrane potential at the desired 
level. Because two electrodes must be inserted into the same fiber, this method 
requires visualization of the electrode tips and the NMJ. This issue can be addressed 
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by using fluorescent imaging of electrodes loaded with sulforhodamine and NMJs 
labeled with the fluorescent vital dye 4-Di-2-ASP, or by expression of a fluorescent 
protein in the motor nerve terminals (Wang et al. 2004). Because voltage is constant 
during voltage clamp of muscle, factors altered by muscle fiber size such as input 
resistance and capacitance do not affect the amplitude of the postsynaptic response. 
Also, because voltage is constant there is no need to correct for non-linear summa-
tion of the EPP (Glavinovic 1979; Khedraki et  al. 2017). Thus, if possible, it is 
preferable to use voltage clamp to record from the NMJ.
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Diversity of Mammalian Motoneurons 
and Motor Units

Marcin Bączyk, Marin Manuel, Francesco Roselli, and Daniel Zytnicki

Abstract  Although they share the common function of controlling muscle fiber 
contraction, spinal motoneurons display a remarkable diversity. Alpha-motoneurons 
are the “final common pathway”, which relay all the information from spinal and 
supraspinal centers and allow the organism to interact with the outside world by 
controlling the contraction of muscle fibers in the muscles. On the other hand, 
gamma-motoneurons are specialized motoneurons that do not generate force and 
instead specifically innervate muscle fibers inside muscle spindles, which are pro-
prioceptive organs embedded in the muscles. Beta-motoneurons are hybrid moto-
neurons that innervate both extrafusal and intrafusal muscle fibers. Even among 
alpha-motoneurons, there exists an exquisite diversity in terms of motoneuron elec-
trical and molecular properties, physiological and structural properties of their neu-
romuscular junctions, and molecular and contractile properties of the innervated 
muscle fibers. This diversity, across species, across muscles, and across muscle 
fibers in a given muscle, underlie the vast repertoire of movements that one indi-
vidual can perform.
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1 � Introduction

Mammals display an extraordinary diversity of muscle fibers and motoneurons. 
Indeed, the majority of motoneurons (alpha-motoneurons) innervate ordinary 
(extrafusal) muscle fibers which produce the force necessary for all movements, 
whereas other motoneurons (gamma-motoneurons) innervate a special type of mus-
cle fibers (intrafusal fibers) located inside muscle spindles, which are proprioceptive 
sensory organs. A third motoneuron type (beta-motoneurons) innervates both intra- 
and extrafusal muscle fibres. All motoneurons and muscle fibers types can be fur-
ther divided in several subtypes with different anatomical and functional properties. 
In this chapter we will characterize the alpha-, beta- and gamma-motoneurons and 
then we will focus on the alpha-motoneurons to show how their electrical properties 
fit with the anatomical and contractile properties of the innervated muscle fibers to 
form well-adapted functional motor units, which are the elementary constituent of 
all motor acts.

2 � Alpha, Beta and Gamma Motoneurons

All muscles acting on the skeleton (so-called “skeletal muscles”) are composed of a 
heterogeneous population of muscle fibers (Fig. 1). Most of them are “ordinary” 
fibers, whose contraction produces the forces exerted by muscles on the skeleton. 
Ordinary fibers are thus responsible for postural activities and movements. Other 
specialized muscle fibers play a very different role: they are located inside sensory 
organs called “muscle spindles” which play a crucial role in proprioception. These 
so-called “intrafusal” fibers do not contribute to muscle force. Instead, their con-
traction modulates the transduction properties of muscle spindles (i.e., how spindles 
translate a mechanical input—muscle stretch—to firing of their sensory afferents) 
(Matthews 1972; Hunt 1990). In adults, intrafusal fibers are shorter and thinner than 
ordinary fibers (Gregory and Proske 1991). Like “ordinary” extrafusal fibers, all 
intrafusal fibers originate from the fusion of multiple embryonic myoblasts and they 
therefore contain multiple nuclei. In intrafusal fibers, the nuclei are gathered 
together at the middle of the fiber (“equatorial” region) whereas the contractile 
material (myosin and actin) lies in the two polar regions on each side of the equator. 
In some intrafusal fibers, the nuclei are lined up like a chain (“chain” fibers) whereas 
in other intrafusal fibers they are packed like in a bag (“bag” fiber) (Milburn 1984). 
Furthemore, the bag fibers subdivide into bag1 fiber (there is only one bag1 fiber per 
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Fig. 1  Schema illustrating the different types of motoneurons and the muscle fibers they 
innervate. Gamma-motoneurons innervate the intrafusal motoneurons of the muscle spindles. 
Their action (dynamic vs. static) depends on which intrafusal fiber they innervate. Among alpha-
motoneurons, S motor units have a small motoneuron soma, a small diameter axon and innervate 
a small number of type I fibers. FR motor units tend to have larger motoneuron cell bodies, larger 
diameter axons, and innervate a larger number of type IIA or type IIX muscle fibers. FF motor 
units have the largest motoneurons, the largest diameter axons, and innervate a very large number 
of type IIB muscle fibers. Beta-motoneurons are hybrids that innervate both extra- and intrafusal 
muscle fibers. Schema not to scale. The full length of the extrafusal muscle fibers is truncated for 
clarity. (From Manuel and Zytnicki (2011))

spindle) and bag2 fibers (Thornell et  al. 2015). The anatomical organization of 
“ordinary” fibers is very different. The contractile material and nuclei are regularly 
spaced along the fiber and are located at the periphery between the sarcolemma and 
the contractile material (Roman and Gomes 2018).

The motoneuron population reflects the diversity of muscle fibers they innervate 
(Manuel and Zytnicki 2011). The largest fraction of motoneurons, so-called alpha-
motoneurons, innervate the ordinary muscle fibers. Each motoneuron innervates a 
separate set of muscle fibers because, in adults, each muscle fiber is innervated by 
only one motoneuron. All the muscle fibers innervated by a motoneuron contract 
concurrently, hence the name “motor unit”, which encompass the motor neuron 
(whose cell body is located in the spinal cord or the brainstem), its axon, and the 
muscle fibers that it innervates. As shown in the next section (classification of mus-
cle fibers and motor units), alpha-motoneurons are subdivided in three main types 
depending on the functional properties of their respective muscle fibers (Burke et al. 
1971). A characteristic feature of mammals is that intrafusal fibers are innervated by 
a particular class of motoneurons, so-called gamma motoneurons, whose only 
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function is to control the activity of intrafusal fibers (Kuffler et al. 1951). Contrary 
to the ordinary fibers, one intrafusal fiber is innervated by several gamma-
motoneurons (poly-innervated) even in adult animals (Banks 1981). In intrafusal 
fibers, each neuromuscular junction exerts a focal action (the contraction is focal 
and does not spread along the fiber). Gamma-motoneurons may innervate several 
fibers in the same spindle or in different spindles from the same muscle. However 
the innervation pattern is not random (Matthews 1972; Brown and Butler 1973; 
Bessou and Pagés 1975; Boyd et al. 1977). Actually, a subclass of gamma motoneu-
rons (gamma dynamic) innervates the bag1 fibers. Contraction of bag1 fibers 
increases the sensitivity of spindles to the “dynamic” components of the muscle 
stretch (rapid length changes). Another subclass of gamma-motoneurons (gamma 
static) innervate the bag2 fibers and the chain fibers. Their contraction enhances the 
spindle’s sensitivity to the “static” components of the stretch. Finally, a fraction of 
motoneurons have a double innervation pattern: they form neuromuscular junctions 
both on ordinary fibers (like alpha-motoneurons) and on intrafusal fibers (like 
gamma-motoneurons). These motoneurons are called “beta-motoneurons”. It was 
long believed that these beta-motoneurons were present only in lower vertebrates 
(amphibians, reptiles, birds), while in mammals, spindles were controlled by 
gamma-motoneurons only, which allows spindles to be activated independently of 
the activity of alpha-motoneurons. The discovery of beta-motoneurons in mammals 
required challenging electrophysiological investigations (Bessou et  al. 1963a). 
Their presence is not a vestigial remnant of evolution since the innervation pattern 
of beta-motoneurons is very specific. Like gamma-motoneurons, we distinguish 
“dynamic” and “static” beta-motoneurons that innervate the bag1 or the bag2/chain 
fibers in the spindles, respectively (Barker et al. 1977). But the “extrafusal” innerva-
tion (ordinary muscle fibers) is also very specific since the “dynamic” beta moto-
neurons specifically innervate the slow-contracting ordinary fibers whereas the 
“static” beta-motoneurons specifically innervate the fast-contracting (fatigable or 
fatigue resistant) fibers (Jami et al. 1982a; Emonet-Dénand et al. 1992). To this day, 
the specific function of beta-motoneurons is still largely unknown.

3 � Classification of Muscles Fibers and Motor Units

The ordinary muscle fibers do not constitute a homogeneous population. They dis-
play a variety of biochemical and contractile properties. This was apparent very 
early on when it was observed that some muscles appear redder than others, and this 
difference of color correlated with contraction speed (Ranvier 1873; Needham 
1926; Denny-Brown 1929). The red muscles are more vascularized, contain a larger 
quantity of myoglobin but contract more slowly than white muscles. Later, analyses 
based on myosin ATPase activity, as well as glycolytic and oxidative enzymes 
revealed that muscle fibers could be classified in 3 major groups (with different 
nomenclatures according to authors, (Brooke and Kaiser 1970; Ariano et al. 1973)): 
(i) slow-twitch oxidative (SO), also called type I fibers. These fibers contract slowly 
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and are rich in oxidative enzymes, allowing them to sustain long-duration energy 
demands. Consequently, these fibers are highly resistant to fatigue. (ii) Fast-twitch 
oxidative glycolytic (FOG), also called type IIA fibers, that are resistant to fatigue, 
albeit to a lesser degree than type I fibers. (iii) Fast-twitch glycolytic (FG), also 
called type IIB fibers, which are poor in oxidative enzymes and thereby fatigable 
(Burke 1981; Kernell 2006; Schiaffino and Reggiani 2011). In the 1980s–1990s, 
there was a shift to using monoclonal antibodies directed towards several isoform of 
the myosin heavy-chain (MyHC) protein to type the muscle fibers. Although type I, 
IIA and IIB fibers were found to express different MyHC isoforms (MyHC-slow, 
MyHC-2A and MyHC-2B, respectively), a fourth myosin isoform, MyHC-2X, was 
identified (Schiaffino et al. 1989), as well as some isoforms that are expressed selec-
tively in specific muscles (extra-ocular and jaw muscles in particular; see Schiaffino 
and Reggiani 2011 for a review).

The diversity of muscle fibers is a property that is highly conserved across verte-
brates, from zebrafish, mice, rats, cats, to humans (although it should be noted that 
humans do not express the MyHC-2B isoform, but only MyHC-2X (Smerdu et al. 
1994)). This suggests that this diversity is essential to generate a vast repertoire of 
movements and behaviors with a finite number of muscles. Most interestingly, all 
muscles throughout the body contain a mosaic of muscle fiber types (Ariano et al. 
1973), however, the proportion of each type varies across muscles depending on the 
muscle function (Fig. 2). Muscles involved in postural activity tend to contain high 
concentration of Slow (Type I) muscle fibers, while flexor muscles tend to contain 
more Type II fibers. However, there is considerable inter-species difference, owing 
to the difference in size, lifestyle, locomotion type, etc.… Overall, muscles from 
smaller animals contain a larger proportion of IIX and IIB fibers, while large mam-
mals, such as humans, possess more type I and IIA fibers (Schiaffino and Reggiani 
2011). For instance, the ankle extensor muscle soleus consists of a mix of type I and 
type IIA/IIX fibers in mice and rats (albeit with slightly different proportions 
(Armstrong and Phelps 1984; Augusto et al. 2004; Sawano et al. 2016)). In the cat, 
however, this muscle is exclusively constituted of Type I muscle fibers (Ariano et al. 
1973; Burke et al. 1974).

Elegant in vivo experiments allowed correlating the physiological properties of 
motor units with the histochemical profile of their muscle fibers. The contraction of 
a single motor unit can be studied by stimulating either the cell body of a motoneu-
ron (via an intracellular electrode) or a filament of a ventral root (split until the fila-
ment contains only one axon innervating a specific muscle attached to a strain 
gauge). After long-duration repetitive stimulation, muscle fibers constituting the 
stimulated motor unit can be depleted of their reserve in glycogen, and these fibers 
can be identified on serial histological slices of the muscle by their absence of col-
oration to the periodic acid-Schiff staining. At the same time, the histochemical 
properties of the same muscle fibers can be studied on adjacent serial slices. 
Pioneering studies using this technique in rats (Edström and Kugelberg 1968) and 
cats (Burke et  al. 1971) have demonstrated that motor units are homogenous in 
terms of the muscle fiber types they contain (at least as far as their oxidative and 
ATPase activity is concerned), and that their contractile properties match the 
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Fig. 2  Muscles are composed of a mosaic of muscle fiber types. Histological image of the 
cross-section of a mouse calf muscle (including the gastrocnemius medialis and lateralis, the 
soleus and the plantaris muscles), labeled using antibodies against the MyHC isoforms MyHC1 
(grey), MyHC2A (blue), MyHC2X (green), and MyHC2B (red). Most muscles contain muscle 
fibers expressing either of these isoforms, but the relative abundance of each muscle fiber type 
varies across muscles. (Image adapted from Sawano et al. (2016) licensed under CC-BY)

contractile properties of the fibers, leading to the identification of three types of 
motor units: slow-contracting (S-type) motor units, which are comprised of type I 
fibers, contract slowly, develop a small amount of force, but are highly resistant to 
fatigue; fast-contracting, fatigue resistant (FR) motor units contain type 2A fibers, 
develop more force than S motor units and are also resistant to fatigue, albeit to a 
lesser degree than type S; and finally, fast-contracting, fatigable (FF) motor units 
contain type 2B fibers, develop the largest amount of force, but are highly fatigable. 
These results were further confirmed in humans, using controlled intramuscular 
microstimulation, glycogen depletion and muscle biopsy (Garnett et al. 1979).
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It should be noted, however, that further studies have shown that muscle fibers 
could express several MyHC isoforms (Caiozzo et al. 2003), and that there is, in 
fact, a continuous spectrum of fiber types. Similar conclusions can be reached when 
looking at the contractile properties of single motor units, which tend to exhibit 
continuous distributions of properties (Burke 1981; Macefield et al. 1996; McNulty 
et al. 2000; Schiaffino and Reggiani 2011; Heckman and Enoka 2012). One possible 
exception is the property of the unfused tetanus of some motor units to drop slightly 
after reaching a peak of force (“sag property”; Burke et al. 1971; Celichowski et al. 
1999; Drzymała-Celichowska et al. 2016), while other units do not exhibit such sag 
in their force. Units that exhibit sag are fast-contracting, while units that do not are 
slow-contracting (Burke et al. 1971; Celichowski et al. 1999; Drzymała-Celichowska 
et al. 2016). Even in this case, there is still a significant variability among motor 
units in the shape of the unfused tetanus and the range of frequencies at which this 
sag is visible.

When discussing motor units, their properties, and their susceptibility to disease, 
it nonetheless remains more practical to group them under the generic terms S, FR 
and FF (Fig. 1), as we will do in the rest of this chapter, while keeping in mind that 
there are no strict boundaries between these groups and that intermediate motor 
unit exist.

4 � Contractile Properties of Motor Unit Types

The different muscle fibers composition of fast and slow motor units is reflected in 
their contractile properties. In general, the fast fatigable (FF) motor units develop 
the highest contraction force; have the fastest contraction and relaxation times, 
while in parallel being highly susceptible to fatigue. On the other end of the spec-
trum, the slow motor units (S) display high resistance to fatigue, slow contraction 
and relaxation times, and small capability for developing high contractile force. 
Between the FF and S, the intermediate region of contractile properties is occupied 
by the fast fatigable (FR) motor units with short contraction times and moderate 
force production capabilities. Throughout the years, many attempts were made to 
determine cut-off values of selected contractile parameters which would enable the 
precise classification of motor unit type without the necessity to perform muscle 
fiber histochemical analysis (Burke et  al. 1974; Jami et  al. 1982b; Kernell et  al. 
1983; Bawa et al. 1984; Zengel et al. 1985; Gardiner 1993). Already very early on, 
researchers noticed that, during unfused tetanus, some motor units display an early 
peak and subsequent decline in tension toward a lower plateau level (Burke et al. 
1973). This phenomenon, coined “sag” property is highly correlated with motor 
unit half-relaxation time and could be used to distinguish between fast and slow 
motor unit type in medial gastrocnemius muscle of cats (Burke et al. 1973) and rats 
(Grottel and Celichowski 1990). However it does not allow the identification of FF 
and FR motor units. These units can be segregated based on their ability to with-
stand a fatiguing stimulation protocol and measuring a fatigue index (FI), 
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describing the ratio of motor unit force between the last and the first tetanic contrac-
tion of the stimulation protocol (lasting generally 2 min). In cats, motor units with 
FI < 0.25 were considered FF while these with FI > 0.75 were considered FR (Burke 
et al. 1973). In rats and mice, a threshold value of 0.5 was chosen instead (Grottel 
and Celichowski 1990; Martínez-Silva et  al. 2018). Unfortunately the aforemen-
tioned criteria are not infallible and Burke et al. (1973) acknowledged that 2.5% of 
cat MG motor units were considered “intermediate” between FF and FR. Still, as 
mentioned before, the motor unit classification as FF, FR and S based on those 
parameters remains relevant when discussing the motor units susceptibility to 
disease.

The major determinant of motor unit force is its size, i.e. the number of muscle 
fibers it contains. In the cat MG, FF motor units typically contain 400–700 muscle 
fibers, while S motor units are composed of ~200 muscle fibers (Rafuse and Gordon 
1996; Rafuse et  al. 1997). Differences in muscle fiber cross-sectional areas also 
contribute to the force difference (Burke 1981; Kernell 2006). Nevertheless, it is 
important to keep in mind that force transmission in situ is a highly non-linear pro-
cess, as most of the force transmission happens through the extra-cellular matrix, 
connective tissue and myofascia (Maas 2019; Ward et  al. 2020). Of course the 
developed force and contraction times of FF, FR and S motor unit types vary signifi-
cantly between different species. For example the twitch force of an average medial 
gastrocnemius FF motor unit is about 230 mN in cats, 30 mN in rats and 15 mN in 
mice (Krutki et al. 2006; Martínez-Silva et al. 2018). Motor unit contraction time 
depends essentially on the type of Myosin isoform (which determines the cross-
bridges detachment rate through the rate of ADP release, Schiaffino and Reggiani 
2011) as well as the calcium dynamics inside the fibers (Schiaffino and Reggiani 
2011). On average, there is a 2–3-fold difference in contraction time between S and 
F motor units, regardless of species (Burke et al. 1973; Krutki et al. 2006; Łochyński 
et al. 2016; Martínez-Silva et al. 2018).

5 � Motoneuron Electrophysiological Properties Depend 
on Their Motor Unit Type

Since motor units are homogeneous in their muscle fiber composition, it is essential 
that the firing of the motoneuron be precisely matched to the contractile properties 
of its muscle fibers in order to take full advantage of their contraction capabilities.

First, motor units need to be activated at the right moment. S-type motor units 
can sustain very long duration contractions thanks to their high resistance to fatigue, 
but cannot generate large amounts of forces. On the other hand, although FF motor 
units can generate a lot of force, they should not be active for long periods, as their 
force output will collapse very quickly. Experiments in animal models have shown 
that the motor units tend to be recruited in a specific order according to their size, 
hence the name “size principle” (Henneman et al. 1965). During postural activities 
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or movements, S motor units are activated first. If the motor act requires more force 
than can be generated by the S motor units alone, then FR motor units become 
recruited as well. It is only in the cases where very large amounts of forces are 
required that the FF motor units will be recruited. Hennig and Lømo (1985) have 
followed the activity of several motor units across extended periods of the daily 
activity of laboratory rats and have indeed shown that motor units presumed to be 
S-type fire continuously for many hours during the day, while presumed FF motor 
units only fire bursts of action potentials for only 0.5–3 min per 24 h (Hennig and 
Lømo 1985).

Many properties of the motoneurons contribute to this orderly recruitment, which 
have been extensively reviewed before (Kernell 2006; Kanning et al. 2009; Manuel 
and Zytnicki 2011; Heckman and Enoka 2012; Manuel et  al. 2019). The recent 
development of motor unit recordings in mice have shown that, for the most part, 
the same differences in the properties of the motor unit types are conserved between 
mice, rats and cats (Martínez-Silva et al. 2018; Manuel et al. 2019).

One of the major determinants of recruitment is the input conductance of the 
motoneuron, which conditions the amount of current required to reach firing thresh-
old (rheobase). In motoneurons, the input conductance varies according to the total 
surface area of the cell body (Burke 1981). S motoneurons are small, and have fewer 
dendritic branches, resulting in a small input conductance, a low rheobase, and are 
therefore the easiest to recruit. On the other end of the spectrum, FF motoneurons 
have the largest cell bodies, have a highly developed dendritic arborization, and the 
largest input conductance, which makes them the least excitable (Burke 1981; 
Kernell 2006). The reasons for this difference in cell body sizes is not entirely clear, 
but it might be directly related to the size of their axons. FF motoneurons have the 
largest diameter axons due to the fact that they innervate the highest number of 
muscle fibers, requiring that their axon bifurcate extensively. On the other hand, S 
motoneurons innervate a smaller number of muscle fibers, and have a thinner axon 
(Cullheim and Ulfhake 1979; Burke 1982).

Recruitment is also dependent on the expression of voltage-dependent channels 
that are active below the firing threshold. For instance, in 6–10 day old mice, about 
one third of lumbar motoneurons start to discharge immediately during a long cur-
rent pulse at rheobase intensity (immediate firing pattern) whereas the remaining 
motoneurons display a slow depolarizing ramp and start to discharge a few seconds 
only after the pulse onset (delayed firing pattern) (Leroy et  al. 2014) (see also 
Russier et  al. 2003; Pambo-Pambo et  al. 2009). The delay before firing onset is 
caused by the interaction of two potassium currents acting at two different time 
scales. First, at the onset of a current pulse, the fast potassium current IA prevents the 
motoneuron from firing (Leroy et al. 2015). Then, a slow depolarization is apparent, 
which slowly brings the membrane potential to the firing threshold. This slow depo-
larization is caused by a slowly-inactivating potassium current (Leroy et al. 2015) 
that was later identified as being mediated by Kv1.2 channels (Bos et  al. 2018). 
Although these experiments were conducted in vitro and in young animals, making 
the identification of the motor unit type based on its contractile properties impossi-
ble, several lines of evidence suggest that the immediate firing motoneurons 
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innervate S-type motor units whereas the delayed firing ones innervate F-type motor 
units (Leroy et al. 2014). Indeed, the delayed firing motoneurons displayed a lower 
input resistance, a higher voltage for spiking, a higher rheobase, a shorter spike and 
a shorter AHP than the immediate firing motoneurons. In addition, the delayed fir-
ing motoneurons are larger (larger soma, longer dendrites) than the immediate firing 
ones. Furthermore, the immediate firing motoneurons express estrogen-related 
receptor beta (ERRβ), a candidate marker of slow motoneurons (Enjin et al. 2010), 
but not matrix metalloproteinase-9 (MMP9), proposed to be a marker of large 
F-type motoneurons (Kaplan et al. 2014). In sharp contrast, the delayed firing moto-
neurons are ERRβ negative and the largest ones express MMP9 (Leroy et al. 2014) 
Although Kv1.2 expression persists in adult mice (Bos et  al. 2018) whether its 
expression remains different between S and F motoneurons is still unknown.

Not only the different types of motor units need to be activated at the opportune 
time, the firing rate of the motoneuron needs to be adapted to the speed of contrac-
tion of the muscle fibers. Since type II muscle fibers have a shorter contraction time 
and shorter relaxation time than type I muscle fibers (Burke 1981) F-type motoneu-
rons need to fire at higher rates to allow individual muscle twitches to fuse and 
thereby increase the force developed by the motor unit. The firing rate of a motoneu-
ron is controlled in large part by the after-hyperpolarization, a period of hyperpolar-
ization following each action potential caused by the activation of calcium-dependent 
potassium channels (SK channels, (Sah and McLachlan 1992)). S motoneurons tend 
to have a bigger and longer AHP than F motoneurons (Burke 1981; Zengel et al. 
1985). Consequently, several labs use the half-decay time of AHP to distinguish 
between F-fast and S-slow rat motoneurons (F > 20 ms, S < 20 ms, (Gardiner 1993)) 
but the difference between the FR and FF motoneurons is not well defined.

In cat motor units, the duration of the AHP matches the duration of the twitch 
(“speed matching”, Kernell 2006) and determines the minimal repetitive-firing fre-
quency of the motoneuron (Kernell 2006). This adaptation seemingly ensures that 
force output increases smoothly with the increase in firing frequency (rate modula-
tion). As reviewed by Meehan et al. (2010) both the AHP duration and the twitch 
duration decrease in parallel with the size of the animal, indicating that this adapta-
tion is conserved across species and must serve an important role in force gradation 
(Meehan et  al. 2010). However, recordings experiments in mice (Manuel and 
Heckman 2011) and in rats (Turkin et al. 2010) show that motoneurons fire prefer-
entially at rates at which the force output is saturated, suggesting that these species 
rely more heavily on recruitment of new motor units rather than rate modulation for 
force gradation (Manuel et al. 2019).

The firing rate is not the only parameter that must be matched to the properties 
of the motor unit. An FF-type motoneuron must drive its muscle fibers at high fre-
quency to generate force, but it can only do so for a short period of time before the 
muscle fibers fatigue and the force collapses. That is likely why FF motoneurons 
have a tendency to fire in bursts of action potentials, while S motoneurons can dis-
charge tonically for long periods of time (Granit et  al. 1956; Hennig and Lømo 
1985). This difference in firing characteristics is due to multiple currents. First, 
motoneurons exhibit a property called spike-frequency adaptation. In response to a 
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long supra-threshold pulse of current, motoneuron firing starts at high frequency 
and then decreases progressively (Kernell 1965; Sawczuk et al. 1997; Miles et al. 
2005; Brownstone 2006). High rheobase, high input conductance (likely FF moto-
neurons) tend to have a stronger spike frequency adaptation than smaller motoneu-
rons (Zengel et al. 1985; Button et al. 2007), and are therefore likely to stop firing 
earlier than S-type motoneurons. Motoneurons also possess a type of slowly-
inactivating currents called persistent inward currents (PICs) that have been exten-
sively studied (reviewed in Heckman et al. 2005; ElBasiouny et al. 2010; Heckman 
and Enoka 2012). One of the functions of these currents would be to generate sus-
tained tonic firing (“bistability”) in motoneurons, which could contribute to muscle 
tone in postural muscles (Heckman and Enoka 2012; Lømo et al. 2020). However, 
PICs in large motoneurons inactivate faster than in smaller motoneurons. 
Consequently, large motoneurons tend to be only partially-bistable, and cannot sus-
tain a tonic firing for long periods of time (Lee and Heckman 1998a, b). PICs are 
also important for the amplification of synaptic inputs (Bennett et al. 1998; Heckman 
et al. 2005). Because PICs can interact with the h-current, which is different between 
S and FF motoneurons (Gustafsson and Pinter 1984; Zengel et al. 1985), PICs tend 
to amplify tonic input in small motoneurons, while the amplification is more effi-
cient for phasic inputs in larger motoneurons (Manuel et al. 2007).

6 � Anatomical and Synaptic Properties of the Neuromuscular 
Junctions Depend on Their Motor Unit Type

In order to evoke muscle contraction, action potentials generated by motoneurons 
have to travel orthodromically along the axon, and reach the innervated muscle and 
activate the actin-myosin complex. This is achieved through the neuromuscular 
junction (NMJ), a fundamental meeting place of muscle and nervous system. 
Motoneuron axons reaching the muscle bifurcate to innervate a large number of 
muscle fibers, and terminate at each sarcolemma endplate, juxtaposed to postsynap-
tic junction folds highly enriched in nicotinic ACh receptors and voltage-dependent 
channels. An action potential reaching the boutons opens voltage gated calcium 
channels enabling Ca2+ influx and docking of the acetylcholine containing synaptic 
vesicles to the boutons’ active zones and ACh exocytosis into the synaptic cleft. 
Following activation of nicotinic ACh channel by the secreted neurotransmitter, a 
rapid sodium influx evokes an endplate action potential which then propagates 
along the muscle fiber (Schiaffino and Reggiani 2011).

Although this basic description is shared among all motor units, some type-
specific differences in NMJ structure and functioning are evident. Similarly to the 
motor units properties highlighted above, NMJ properties tend to form a continuum 
from fast to slow motor unit type. The axons terminals innervating type I muscle 
fibers are round, the juxtaposed sarcolemma is highly enriched in mitochondria and 
the overall terminal size is smaller than those innervating IIB or IIA fibers (Fig. 3) 
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Fig. 3  Different morphologies of neuromuscular junctions on different muscle fiber types. 
Image from a rat diaphragm showing motor axons (labeled by incubation with FM4-64, red), 
motor end-plates (labeled with Alexa Fluor 488-conjugated α-bungarotoxin, green) and muscle 
fibers (stained with specific antibodies to MHC isoforms Slow and 2A, blue). Notice the difference 
in neuromuscular junction morphology between NMJs on type I/IIA fibers (blue) and IIX/IIB 
fibers (black). Scale bar = 20 μm. (Image reproduced from Mantilla et al. (2007) with permission 
from Elsevier)

(Mantilla et al. 2007; Tremblay et al. 2017). The terminals of IIA and IIB innervat-
ing fibers are oval, cover larger areas and their postsynaptic sarcolemma contains 
fewer mitochondria. In addition the postsynaptic folds of type IIB innervating ter-
minals are larger than those of type IIA (Lømo and Wærhaug 1985; Ogata 1988; 
Wærhaug and Lømo 1994; Seene et al. 2017). Importantly, type I terminals contain 
fewer synaptic vesicles than type II terminals, and this is reflected in their smaller 
quantal content (number of vesicles released) following single pulse stimulation 
(Reid et al. 1999; Tremblay et al. 2017).

However, the smaller quantal content is not reflected in miniature end plate 
potentials, which tend to be the largest in NMJs of S motor units, and then progres-
sively decrease from FR to FF motor units (Tremblay et  al. 2017). Actually, the 
electrophysiological properties of NMJ types are closely related to the physiologi-
cal demand imposed on them by muscle activity patterns. As slow motor units are 
active in the majority of long and short lasting motor tasks (Hennig and Lømo 1985) 
their respective NMJs have to withstand continuous activation in order to provide 
the necessary muscle contraction. To meet these requirements, in comparison to 
NMJs of FF or FR motor units the NMJ of S type motor units show stronger paired-
pulse facilitation (Tremblay et al. 2017) and a slower decrease in quantal content 
upon repetitive stimulation (Reid et al. 1999), effectively increasing their ability to 
evoke repeated sarcolemma depolarization over a long time period. This is a very 
important mechanism, as the synaptic vesicle trafficking dynamics seem to be the 
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same across the entire motor unit pool (Reid et al. 1999). On the other hand, the 
NMJs of rarely activated FF motor units release massive amounts of ACh in a short 
time, enabling high frequency muscle activation, which, however, will be quite lim-
ited in duration.

Importantly, the three subtypes of NMJs innervating type I, IIA and IIB muscle 
fibers not only possess different morphological and electrophysiological properties, 
but also exhibit different capacities to compensate for motoneuron loss in aging, 
disease, and injury, a process called “sprouting”, where a new nerve terminal will 
form from an intact axon in order to re-innervate its own, or adjacent NMJs left 
vacant (Tam and Gordon 2009). Experiments conducted in cats following periph-
eral nerve injury demonstrated that axonal sprouting can compensate for the loss of 
up to 85% of motor units (Rafuse and Gordon 1996). When less than 20% of func-
tional motor units remain, the maximal capacity of axonal sprouting is exceeded, 
reinnervation of all denervated muscle fibers fails, and muscle weakness becomes 
evident (Tam and Gordon 2009). As efficient as this process can be, it strongly 
depends on the type of the motor unit. In particular, the efficacy of sprouting is 
tightly controlled by electrical activity (which differs between motor units, see 
above). Curiously, after partial denervation, axonal sprouting is strongly inhibited 
by both high neuromuscular activity (elicited through chronic electrical stimulation 
or forced exercise) (Tam and Gordon 2003) and blockade of neuromuscular activity 
(using TTX or α-bungarotoxin) (Connold and Vrbová 1991). Sprouting can also be 
triggered in the absence of injury with chronic blockade of neurotransmission by 
Botulinum toxin (a toxin that blocks the release of ACh from the nerve terminals, 
(Pamphlett 1989)). In all these cases, axons from “slow” muscles exhibit more/
faster sprouting than axons from “fast” muscles (Duchen and Tonge 1973; Brown 
et al. 1980).

To summarize, it is clear that the neuromuscular system is constituted of multiple 
types of motor units, each exhibiting their own particular properties (contractile 
properties at the level of the muscle fibers, synaptic properties at the level of the 
NMJs, electrical properties at the level of the motoneurons; Fig. 4). This diversity is 
conserved across species, including humans, and must play a fundamental role in 
our ability to generate highly complex and adaptable behaviors.

7 � Conclusion

Motoneurons display a wide diversity in terms of types of muscle fibers they are 
innervating. Importantly, the innervation patterns are not random but are very spe-
cific, providing different functions to the different motoneuron types. Furthermore, 
intrinsic electrical and molecular properties of motoneurons, synaptic properties of 
their neuromuscular junctions, and contractile properties of the innervated muscle 
fibers are all precisely matched to form motor units with highly tuned functional 
properties. The diversity of the resulting motor units allows the motor system to 
execute a large repertoire of motor tasks.
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Fig. 4  Summary of the main differences in properties across motor unit types. This table 
shows the overall relationship between various properties and the type of muscle fibers and motor 
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Synaptic Projections of Motoneurons 
Within the Spinal Cord

Marco Beato and Gary Bhumbra

Abstract  Motoneurons have long been considered as the final common pathway of 
the nervous system, transmitting the neural impulses that are transduced into action.

While many studies have focussed on the inputs that motoneurons receive from 
local circuits within the spinal cord and from other parts of the CNS, relatively few 
have investigated the targets of local axonal projections from motoneurons them-
selves, with the notable exception of those contacting Renshaw cells or other 
motoneurons.

Recent research has not only characterised the detailed features of the excitatory 
connections between motoneurons and Renshaw cells but has also established that 
Renshaw cells are not the only target of motoneurons axons within the spinal cord. 
Motoneurons also form synaptic contacts with other motoneurons as well as with a 
subset of ventrally located V3 interneurons. These findings indicate that motoneurons 
cannot be simply viewed as the last relay station delivering the command drive to 
muscles, but perform an active role in the generation and modulation of motor patterns.

Keywords  Synaptic transmission · Co-release · Glutamate · Acetylcholine · 
Synaptic connectivity

There are notable exceptions to Sherrington’s statement of motoneurons as the final 
common pathway (Sherrington 1906). For instance, the autonomic, enteric, and 
neuroendocrine systems each constitute components of the nervous system whose 
output pathways evade somatic motoneurons. The magnocellular neurosecretory 
cells of the ventral hypothalamus for example project infundibular axons to the 
posterior pituitary from where they secrete peptide hormones directly into the 
bloodstream. While the associated neuronal circuitry is not as well characterised as 
that of the somatic motor system where the first recurrent circuit was discovered 
(Renshaw 1946), it has long been known that magnocellular neurosecretory cells 
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also send recurrent fibres, which project back to the ventral hypothalamus (Dreifuss 
and Kelly 1972).

Motifs of recurrent connectivity may thus be a feature common to the different 
efferent components of the nervous system. It has been proposed that the intercom-
munication between magnocellular neurosecretory cells performs an important role 
in modulating hypothalamic outputs for physiological neurohormone release (Leng 
and Dyball 1983). By analogy, it is highly likely that modulation of motoneuron 
activity by recurrent circuitry is essential for shaping their outputs for normal motor 
function (Hultborn et al. 1979).

1 � Projections of Motoneurons to Renshaw Cells

Renshaw cells were first identified in the cat and distinctively respond with pro-
longed bursts of spikes in response to antidromic ventral root or nerve stimulation 
(Eccles et al. 1954). While there have been numerous experimental recordings from 
motoneurons, intracellular access to the Renshaw cells have proved more difficult 
mostly because of their smaller size. However, field recordings have confirmed the 
presence of prolonged bursts of activation following motoneuron firing (Ryall and 
Piercey 1971). Extracellular recordings in cat preparations have provided evidence 
of strong excitatory motoneuron synapses onto Renshaw cells. Continuous firing in 
a motoneuron can increase spiking in Renshaw cells (Ross et al. 1975) and drive 
discharge rates up to ≥40–60  Hz (Ross et  al. 1976). Ventral root stimulation in 
decerebrated cats and rabbit preparations (Renshaw 1946) can elicit bursts of dis-
charges from putative Renshaw cells and stimulation of a single motoneuron alone 
can be sufficient to evoke multiple spikes (Van Keulen 1981). On the basis of these 
observations, the motoneuron to Renshaw cell synapse has always been postulated 
to be a strong synapse with Renshaw cells reliably propagating the firing in moto-
neurons. The motoneuron to Renshaw cell synapse might thus be considered as a 
‘relay synapse’, giving a faithful image of motoneuron firing.

The strength of this synapse has been confirmed using paired recordings (Moore 
et al. 2015 Fig. 1a) performed in neonatal (P8–14) mice spinal cord slices. Quantal 
analysis of these recordings revealed that each motoneuron forms 5–10 contacts 
with its post-synaptic Renshaw cell, with high vesicular release probabilities 
(> ~ 0.5) following a single nerve impulse. In many of such recordings, firing in a 
single motoneuron could evoke a spike in the Renshaw cell.

In addition to the unitary conductance, the degree of convergence from within a 
motoneuron pool onto a single Renshaw cell will determine the size of excitation.

Immunohistochemical studies have have showed that in rats each Renshaw cell 
receives 20–140 synaptic contacts from VAChT immunoreactive terminals originat-
ing from motoneurons (Alvarez et al. 1999). This would correspond to tens of moto-
neurons converging onto a single Renshaw cell. A functional gauge of convergence 
was estimated using electrophysiological recordings and quantal analysis of ventral 
root stimulation induced responses in Renshaw cells (Moore et  al. 2015), that 
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Fig. 1  Synapses between motoneurons and Renshaw cells: In a paired Motoneuron-Renshaw cell 
recording, a spike evoked in the motoneuron always induces firing in the connected Renshaw cell 
(panel a). Reciprocal connections between individual motoneurons and Renshaw cells (panel b) 
occurred in ~30% of paired recordings (adapted from Moore et al. 2015). Excitatory and inhibitory 
currents are consistently evoked by a train of spikes induced in the motoneuron or in the 
Renshaw cell

indicated that 5–10 motoneurons contact a single Renshaw cell. While the results 
may appear somewhat discrepant, the electrophysiological studies were performed 
in a different species (mouse) and, more importantly, in a reduced ‘oblique slice’ 
spinal cord preparation with the ventral root attached, but with a thickness less than 
that of a single segment. Since motoneurons axon collaterals can extend for more 
than one segment, contacting more distant Renshaw cells, estimates obtained from 
electrophysiological recordings from slices should be considered as a lower bound 
for the degree of convergence. A similar caveat is applicable to the estimate of the 
number of reciprocal connections between single motoneurons and Renshaw cells 
(Fig. 1b): Moore et al. (2015) found that within the spinal slice, ~1/3 of motoneuron 
to Renshaw cell synapses were reciprocal. Given the inevitable severance of con-
nections in the slice preparation as highlighted above, this proportion is likely to be 
much larger in an intact system.

In addition to the synaptic strength of individual connections between motoneu-
ron and Renshaw cells, the degree of convergence and divergence between each cell 
type are a key determinants of their function. While we have estimates of the con-
vergence, with respect to the number of Renshaw cells contacting each motoneuron 
and the number of motoneurons contacting each Renshaw cell (Moore et al. 2015), 
we do not know the level of divergence. Given the strong effect of a single Renshaw 
cell input on a motoneuron (Bhumbra et al. 2014), if the same Renshaw cell were to 
contact several motoneurons, it is likely that this configuration would increase syn-
chronicity of motoneuron firing.

A consequence of the combination of a considerable degree of convergence and 
high reliability of the motoneuron to Renshaw cell synapse is that the Renshaw cell 
can follow the firing of motoneurons with high fidelity. Indeed, even with ventral 
root stimulation at 100 Hz, near the upper range of physiological firing frequencies 
in motoneurons, the Renshaw cells show just ~50% of synaptic depression and can 
follow reliably the firing in the motoneuron pool (Moore et al. 2015).
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The precise role of Renshaw cells in the control of motor outputs is unknown. 
While they could just prevent excessive motoneuron firing, several other hypotheses 
were raised about their function (Windhorst 1996), including a role as a variable 
gain regulator (Hultborn and Pierrot-Deseilligny 1979) or in correlating or decor-
relating (Maltenfort et al. 1998) motoneuron firing. In a recent report (Enjin et al. 
2017), selective ablation of Renshaw cells input to motoneurons was achieved using 
a knockout strategy, taking advantage of the selective expression of the neuronal 
nicotinic receptor subunit α2 in Renshaw cells (Perry et al. 2015), Constitutive abla-
tion of the vesicular inhibitory amino acid transporter (VIAAT) from Renshaw cells 
terminals however did not result in any apparent motor phenotype, but these results 
are potentially confounded by compensatory changes occurring within the motor 
circuits.

A more recent model (Brownstone et al. 2015) has suggested that the combina-
tion of Renshaw cell connectivity and components of spinal circuitry projecting to 
motoneurons themselves may contribute to sensorimotor learning. It is proposed 
that an ‘internal model’ of muscle action can learn as a result of differences between 
feed-forward predictive (recurrent) information and feedback reactive (propriocep-
tive) information. The advantage of tuning the internal model to feedforward infor-
mation is that by nature it is more immediately available compared to the feedback 
information that inherently can only be transmitted later in time (Brownstone 
et al. 2015).

�Co-transmission to Renshaw Cells

When Dale’s principle was initially proposed, it stated only that the chemical func-
tion of a neuron was the same at all its terminals. It is important to note that only two 
putative transmitters were known at the time: acetylcholine and noradrenaline (at 
the time thought to be adrenaline, Dale 1935). Consequently, Dale could not have 
envisaged co-release of both transmitters. This statement was subsequently re-
appropriated and misinterpreted in a form that states that all synaptic terminals of 
the same neuron release the same transmitter onto all its different targets, perhaps in 
part due to Eccles’ early formulation (Eccles et al. 1954) that used the word ‘trans-
mitter’ in the singular. The large number of cases in which this statement is clearly 
inaccurate led many to describe the discovery of co-release (of different inhibitory 
amino-acids, or neurotransmitter and peptides or gases) as a violation of Dale’s 
principle. However, we owe it to Eccles to clarify his more faithful interpretation of 
Dale’s principle in which he reformulated the originally loose statement by Dale in 
more precise terms: ‘Dale’s Principle be defined as stating that at all the axonal 
branches of a neuron, there was liberation of the same transmitter substance or sub-
stances’ (Eccles et al. 1976). With this definition, it is clear that the many instances 
in which co-release has been demonstrated do not constitute any violation of Dale’s 
principle.
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It is however important to emphasise that where there is co-release (meaning the 
release of vesicles containing two or more transmitters), it does not necessarily fol-
low that transmission at that synapse is mediated by both transmitters. While both 
transmitters could be released, their corresponding detections depend on the reper-
toire of post-synaptic receptors (Chery and De Koninck 1999; Lu et  al. 2008). 
Eccles’ observation that ACh blockers do not completely abolish the Renshaw cell 
discharge elicited by antidromic nerve stimulation is consistent with a possible sec-
ond transmitter released from motoneurons. At the neuromuscular junction, some 
studies reported the presence of glutamate (Wærhaug and Ottersen 1993; Meister 
et al. 1993) while others failed to detect it (Herzog et al. 2004; Kraus et al. 2004). 
Similarly conflicting results were reported from studies of immunoreactivity for 
vesicular glutamate transporters in the motoneurons terminals opposed to Renshaw 
cells, with some authors detecting the expression of Vglut2 (Oliveira et al. 2003; 
Herzog et al. 2004; Nishimaru et al. 2005) or Vglut RNA (Schäfer et al. 2002) and 
others failing to detect its presence (Mentis et al. 2005).

The issue of a second transmitter was finally resolved using direct electrophysi-
ological recordings of the excitatory response evoked by ventral root stimulations in 
the neonatal spinal cord. Two groups independently observed a non cholinergic 
component in the ventral root evoked EPSC recorded in Renshaw cells (Mentis 
et al. 2005; Nishimaru et al. 2005) that could be blocked by glutamatergic antago-
nists. These recordings confirmed that motoneurons could release an excitatory 
amino acid from their central synapses. Without unequivocal identification of mech-
anisms for excitatory amino acid loading at the motoneuron terminals, glutamate 
remains only a putative transmitter at this synapse. Since motoneuron terminals 
opposed to Renshaw cells are enriched with aspartate (Richards et al. 2014), gluta-
mate might not be the only feasible candidate.

The situation is potentially more complex on the post-synaptic side, where at 
least 4 different subtypes of receptors contribute to the post-synaptic response 
(Lamotte d’Incamps and Ascher 2008). A fast α7 mediated response is followed by 
a slower nicotinic response mediated by heteromeric receptors of unknown subunit 
composition, although it has been suggested that two classes of receptors with dif-
ferent αβ stoichiometry might be involved (Lamotte d’Incamps and Ascher 2014). 
Furthermore, both AMPA and NMDA receptors are activated post-synaptically. The 
combined cholinergic and glutamatergic contributions to the connections to 
Renshaw cells results in a synapse with two transmitters and at least four different 
types of post-synaptic receptors. Bursts of spikes observed in response to ventral 
root stimulation may result from a ‘priming’ depolarisation, mediated by AMPA 
and nicotinic receptors, relieving magnesium blockade and prolonging activation of 
NMDA receptors (Lamotte d’Incamps and Ascher 2008).

Definitive confirmation of the synaptic activation of AMPA receptors is some-
what inconsistent with aspartate as the second transmitter, since aspartate, while 
being an agonist at NMDA receptors, does not activate AMPA receptors (Patneau 
and Mayer 1990), even though some reports suggest that AMPA receptors can be 
weekly activated by direct application of aspartate, at least in a subset of dopaminer-
gic neurons (Krashia et al. 2016). Motoneurons thus appear to communicate using 
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only ACh at the neuromuscular junction, and using both ACh and glutamate (or 
similar excitatory amino-acid) at the motoneuron to Renshaw cell synapse.

Contrary to GABA and glycine co-transmission in the spinal cord (Jonas et al. 
1998; Singer et al. 1998), that is largely confined to the early developmental stage 
(Bhumbra et al. 2012; Jiang and Alstermark 2015) co-transmission of ACh and glu-
tamate is preserved at a mature age (Lamotte d’Incamps et al. 2017). Most of the 
electrophysiological evidence for co-transmission was obtained from recordings of 
Renshaw cell responses to ventral root stimulation, that activates a large number of 
motoneurons. Compound responses in single Renshaw cells could thus result from 
mixed transmission whereby some motoneurons released ACh only and others 
released a glutamate like substance. Paired recordings from connected motoneurons 
and Renshaw cells (Lamotte d’Incamps et al. 2017) have excluded this possibility 
by unmasking of a non-nicotinic component following blockade of ACh receptors. 
Since responses to single motoneurons were recorded, the residual non-cholinergic 
component confirms the occurrence of both modes of transmission at the level of 
single motoneurons.

Kinetic analysis of spontaneously occurring miniature synaptic currents and of 
asynchronous mEPSC originating from the motoneurons revealed a considerable 
degree of segregation between the two transmitters systems: namely, miniature 
events were either mediated by the two nicotinic receptors or by the two glutamate 
receptors, but no mixed cholinergic and glutamatergic mEPSC were observed 
(Lamotte d’Incamps et al. 2017), suggesting that transmission occurs with only one 
transmitter at each individual terminal.

It is possible that all four receptors are present at the post-synaptic Renshaw cell 
membrane, but each terminal of any given motoneuron can release vesicles contain-
ing either ACh or glutamate, but not both (Fig. 2c). Alternatively, single synaptic 
vesicles can contain both transmitters, but the post-synaptic receptors expressed 
Renshaw cells are either GluRs or AChRs, thus precluding mixed transmission at 
individual contacts (Fig.  2d). The function of any such arrangements is unclear, 
since at the level of individual synapses between motoneurons and Renshaw cells, 
that are made up of several functional contacts (Moore et al. 2015), transmission is 
always mixed. In order to distinguish between the pre-synaptic and post-synaptic 
configurations for segregation, it will be necessary to perform experiments aimed at 
evoking release from single motoneuron terminals onto Renshaw cells. Such exper-
iments might employ spatially restricted light activation of excitatory opsins or of 
caged calcium compounds loaded into the pre-synaptic cell.

2 � Recurrent Excitation Between Motoneurons

Inter-communication between motoneurons in vertebrates has often been attributed 
to gap-junctions (Fulton et al. 1980). While gap junctions are expressed during early 
mammalian development (Fulton et  al. 1980; Hinckley and Ziskind-Conhaim 
2006), their density tend to decrease in more mature animals (Walton and Navarrete 
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Fig. 2  Modes of transmissions between motoneurons and Renshaw cells. An example of a ventral 
root evoked response in a Renshaw cell from a mature (P18) spinal cord slice, showing the progres-
sive decrease in the evoked potential following application of cholinergic (middle panel) and glu-
tamatergic (right panel) antagonists. The full time course of the experiment is shown in panel b. 
Segregation of glutamate and acetylcholine neurotransmission at the motoneuron to Renshaw cell 
synapse can occur either at the pre-synaptic level (panel c), with individual terminals from a single 
motoneuron containing only one of the two transmitters, or at the post-synaptic level (panel d), if 
all pre-synaptic terminals contain mixed content vesicles, but the post-synaptic membranes 
opposed to each terminal contain either glutamate or nicotinic receptors

1991; Chang et al. 1999; Personius et al. 2007), even though the presence of mixed 
electrical and chemical synapses in the spinal cord has been detected also in adult 
rats motoneurons (Rash et al. 1996).

Most motor pools, with the exception of those innervating the more distal paw 
muscles (Cullheim and Kellerth 1978; McCurdy and Hamm 1992) show extensive 
axonal branching. Anatomical studies in the cat lumbar spinal cord have revealed 
that motoneurons axon collaterals also invade the motor nuclei, potentially forming 
synapses onto other motoneurons (Cullheim et al. 1977; Cullheim et al. 1987). The 
first functional synapses between motoneurons were observed in frog embryos 
(Perrins and Roberts 1995). Such synapses are often mixed exhibiting electrical and 
chemical components, with the latter mediated by ACh and transmitted across spi-
nal segments. However, there are no reports of similar connectivity in adult frogs. In 
mammals, reports of synaptic connectivity between motoneurons were scarce and 
somewhat contradictory. In neonatal rats, ventral root simulation not only evoked 
the expected di-synaptic inhibition of motoneurons mediated via Renshaw cells, but 
also a smaller response, sensitive to glutamate receptors antagonists (Schneider and 
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Fyffe 1992) and whose reversal potential was compatible with a mixed cation medi-
ated current (Jiang et al. 1991). The presence of this excitatory input was attributed 
to the invasion of primary afferent fibers through the ventral roots. This view was 
supported by some anatomical evidence (Coggeshall 1980) and by the capacity of 
glutamate receptors antagonists to block the excitation (Jiang et  al. 1991). More 
recent studies (Mentis et al. 2005) however have excluded the presence of primary 
afferent in ventral roots, indicating that the source of glutamatergic excitation could 
be from the motoneurons themselves. This suggestion is supported by the observed 
close juxtaposition between motoneurons terminals loaded with different dyes 
through adjacent ventral roots (Mentis et  al. 2005) and evidence of glutamate 
enrichment in a number of these terminals.

Ventral root evoked excitatory responses in motoneurons were also described in 
neonatal mice, P0–4 (Nishimaru et  al. 2005). Such responses were mixed 
glutamatergic-cholinergic, even though in 7/9 recorded cells, the excitatory response 
was dominated (>80%) by the glutamatergic component. On the contrary, recurrent 
excitation measured in neonatal rats (Ichinose and Miyata 1998) was abolished in 
3/5 cases by cholinergic antagonist, but glutamate antagonists were not tested in the 
remaining cases.

A more recent systematic study of recurrent excitation between motoneurons 
(Bhumbra and Beato 2018) confirmed the presence of recurrent excitatory connec-
tivity between motoneurons. This was shown not only by ventral root stimulation, 
but also from paired recording between synaptically coupled motoneurons. Both 
paired recordings and ventral root stimulation established that excitation between 
motoneurons is entirely mediated by glutamate and that excitatory inputs from 
motoneurons can propagate across neighbouring segments. Furthermore, while pre-
vious studies were limited to neonatal mouse preparations (up to 10  days old), 
(Bhumbra and Beato 2018) showed that recurrent excitation is not a transient phe-
nomenon in early development, but it is present also in older animals up to P20, 
when motor systems are considered mature and the animal is capable of executing 
most motor tasks normally. In summary, the presence of recurrent excitation 
between motoneurons has been consistently observed in different species and ages, 
but while one recent study suggested that transmission is purely glutamatergic 
(Bhumbra and Beato 2018), previous works (Ichinose and Miyata 1998; Nishimaru 
et al. 2005) point at mixed glutamatergic-cholinergic trnasmission, a view that is 
also supported by the presence of cholinergic boutons originating from motoneu-
rons onto other motoneurons (Mentis et al. 2005).

One remarkable feature of recurrent excitation is that putative fast motoneurons, 
identified by their firing properties (Leroy et al. 2014), receive almost 10 times more 
excitation than putative slow motoneurons, characterized by their early firing behav-
iour (Fig. 3a–d). However, it is not known whether the pre-synaptic origins of exci-
tation of fast motoneurons are predominantly slow or fast units (Fig.  3e, f). 
Hennemann’s size principle (Henneman 1957) states that motor units are recruited 
in a specific order, with slow units being recruited first, and progressively more 
involvement of fast units as the required force increases. If the preferential pattern 
of connectivity favoured connections between slow to fast units (Fig. 3e), recurrent 
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excitation could be a further mechanism for the implementation of the size principle 
and could mediate the progressive recruitment of faster fibers in synergy with pro-
gressively increasing input strength received by different motor units. Preferential 
connectivity from pre-synaptic slow motoneurons to post-synaptic fast motoneu-
rons would favour the recruitment of fast units in a graded way, facilitating a coor-
dinated increase in the strength of muscle contractions.

If on the other hand, the preferential pattern of connectivity only involves fast 
units (Fig. 3f), recurrent excitation would lead to a closed loop amplification that 
could increase firing rates, and potentially coherence between fast units after a suf-
ficient proportion are activated. In order to distinguish between these two possibili-
ties, a complete electrophysiological characterization of pre and post-synaptic 
partners is necessary, and the interpretation of results should be supported by detec-
tion of genetic (Muller et  al. 2014) or immunohistochemical (Enjin et  al. 2010; 
Leroy et al. 2014) markers of fast and slow motoneurons.

While synaptic connectivity between individual motoneurons has been demon-
strated through paired recordings between motoneurons belonging to the same 
motor nucleus (lateral gastrocnemius), it remains to be ascertained whether this 
connectivity extends also across different nuclei. Experiments using Ca2+ imaging 

fast Mn slow Mn

weak synapse

strong synapse

a b

c d

e f

Fig. 3  Motoneurons can be distinguished based on their firing properties, with delayed firing and 
immediate firing motoneurons associated with fast and slow units respectively (panel a). Recurrent 
excitation is larger in delayed firing motoneurons (panel b and d) and its size positively correlates 
with rheobase and cell capacitance (panel c, adapted from (Bhumbra and Beato 2018). Larger 
recurrent excitation in fast units could be due to stronger connectivity of slow to fast motoneurons 
(panel e) or to stronger connectivity between fast motoneurons themselves (panel f)
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across two segments showed that the wave of excitation evoked by ventral root 
stimulation could be observed throughout the scanned segments in virtually all 
motoneurons, that presumably belonged to different motor nuclei. However, moto-
neurons also make synaptic contact with V3 interneurons, and the poor time resolu-
tion of Ca2+ imaging does not allow to distinguish between direct motoneuron to 
motoneuron excitation and excitation mediated by a potential excitatory disynaptic 
loop through V3 interneurons (Chopek et al. 2018). Therefore, to date, there is no 
conclusive evidence that motoneuron connectivity extends across different nuclei.

While the presence of connectivity among synergist muscles would again be 
consistent with a role of recurrent excitation in amplifying the muscle contractions 
by providing positive interactions between muscles that are normally co-activated 
during movements, the presence of connectivity extending across antagonist units is 
more difficult to interpret. Since recurrent excitation might be effective only when a 
critical number of motor units are activated, it is possible that excitation between 
antagonist motor units might play a role in the preparation and execution of ballistic 
movements, such as throwing, jumping, or lifting heavy weights, wherein an explo-
sive movement is characteristically preceded by isometric co-contraction of antago-
nist muscles.

Investigation of these possibilities will require exploration in the future, possibly 
using electrophysiological recordings from labelled motor units from different mus-
cles or using trans-synaptic tracing methods (Stepien et  al. 2010; Tripodi et  al. 
2011) or selective expression of excitatory opsins in different motor nuclei.

Even once the connectivity pattern is unravelled, establishing the exact role of 
recurrent excitation will not be straightforward.

3 � Other Synaptic Targets of Motoneurons

It is generally accepted that in many invertebrate species motoneurons actively con-
tribute to the generation and execution of motor patterns through either gap junc-
tions or chemical synaptic connections, in vertebrate species the only identified 
post-synaptic targets were Renshaw cells and other motoneurons. The recurrent 
inhibitory and excitatory loops, could down- or up-scale firing in motoneurons, thus 
altering the strength of muscle contraction. A seminal paper however showed that 
antidromic activation of motoneurons through ventral root stimulation could elicit 
episodes of fictive locomotion in an intact neonatal spinal cord in vitro (Mentis et al. 
2005). The consequence of this observation is that motoneurons terminal must be 
capable of activating some elements of the central pattern generator, resulting 
in  locomotor like pattern throughout the spinal cord at least at a developmental 
stage. Further confirmation came from studies in neonatal rats (Machacek and 
Hochman 2006, Fig. 4b), showing that ventral root stimulation can entrain rhythmic 
bursting activity following blockade of synaptic inhibition. These experiments also 
show that noradrenaline unmasks a connectivity pattern between motoneurons and 
an unidentified class of interneurons. Similarly, during drug-activated fictive 
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locomotion, light induced activation of motoneurons, following selective expres-
sion of the excitatory opsin channelrhodopsin, increases the bursting frequency of 
the locomotor pattern (Falgairolle et al. 2017).

The initiation of locomotion, entrainment of disinhibited bursting activity, and 
up-regulation of the frequency of the locomotor patterns are incompatible with an 
effect mediated by recurrent excitation alone or by activation of Renshaw cells, due 
to their inhibitory nature, even accounting for projections from Renshaw cells to Ia 
inhibitory interneurons and to ventral spinocerebellar neurons (Jankowska and 
Hammar 2013). Furthermore, even if Renshaw cells had synaptic projections to 
some elements of the CPG, their effect would most likely be inhibitory, especially 
since, already at the neonatal stage, the chloride reversal potential is more negative 
than the membrane potential (Delpy et al. 2008).

Evidence of motoneuron-induced effects on the CPG suggests that motoneuron 
axon collaterals directly contact an unspecified group of interneurons associated 
with the CPG. It is possible that modulation of motoneuron activity on fictive loco-
motion result from excitation of large motor pools, through antidromic or light 
stimulation, activating the CPG not through direct synaptic contacts. Instead, the 
modulatory effects may be mediated through either ephaptic transmission (Jefferys 
1995), or through local increases in extracellular potassium, that is known to con-
tribute to the initiation of locomotor bursts following dorsal root stimulation 
(Marchetti et al. 2001a, b). However, this explanation is inconsistent with results 
from optogenetic experiments (Falgairolle et al. 2017) that show that during drug-
activated fictive locomotion, light-induced inhibition of motoneurons, selectively 
expressing the inhibitory opsin halorhodopsin, results in a remarkable slowing 
down of the rhythmic pattern. Furthermore, this effect is strongly attenuated follow-
ing blockade of AMPA receptors, but unchanged by partial block of gap junctions. 
This elegant set of experiments indicates not only that motoneurons communicate 
with interneurons other than Renshaw cells and that such interneurons are associ-
ated with the CPG, but also that such communication is not mediated through gap 
junctions but through an excitatory amino acid that activates AMPA receptors, such 
as glutamate.

Fig. 4  Motoneurons influence the activity of central pattern generators: a train of ventral root 
stimulations can induce a locomotor like pattern recorded in the lumbar ventral roots (panel a, 
adapted from Bonnot et al. 2009). Similarly, single ventral root stimulations can entrain the spon-
taneous bursting pattern induced by block of inhibition (panel b, adapted from Machacek and 
Hochman 2006. Copyright 2006, Society for Neuroscience)

Synaptic Projections of Motoneurons Within the Spinal Cord



162

Direct evidence of communication between motoneurons and other CPG related 
interneurons came initially from zebrafish preparations (Song et al. 2016), where it 
was shown that activation of motoneurons perturbs the frequency of the swimming 
pattern. The study identified a novel motoneuron synaptic target in the population of 
V2a interneurons, with connections that are either electrical, chemical, or a 
combination.

Mammalian V2a interneurons however do not receive any input from motoneu-
rons, whether chemical or electrical (Bhumbra and Beato 2018), raising the possi-
bility that other classes of interneuron might be responsible for the motoneuron 
induced modulation of locomotor activity. Potential alternative candidates have 
been identified among V3 interneurons, that are known to send commissural axons 
and contact contralateral motoneurons (Zhang et  al. 2008). It has been recently 
shown that within a spinal cord slice, V3 interneurons also send direct ipsilateral 
projection to motor pools (Chopek et al. 2018). Remarkably in the subset of the 
most ventrally located V3 interneurons, this pattern of connectivity appears to be 
reciprocal, with at least a proportion of interneurons receiving excitatory glutama-
tergic inputs from motoneurons (Chopek et al. 2018). This was the first direct evi-
dence of connectivity between motoneurons and an identified class of excitatory 
interneurons within the mammalian spinal cord.

While identification of these excitatory projections does not fully explain the 
modulatory effects of motoneuron activity on the frequency of the locomotor 
rhythm, it at least introduces a candidate class of interneurons that could feasibly 
mediate this effect.

V3 interneurons contribute to the CPG for locomotion through contralateral con-
nections (Danner et al. 2017) and their acute or chronic ablation (Zhang et al. 2008) 
causes changes the regularity, though do not abolish, the motor pattern.

New methods establishing the connectivity patterns of cells in the CNS may 
reveal further classes of neurons post-synaptic to motoneurons that could modulate 
the central pattern generators.

4 � Conclusions

It seems that the era of perceiving motoneurons confined to a purely passive role 
integrating inputs from the brain and local spinal cord circuits is coming to an end 
as evidence emerges of motoneurons as active protagonists in the generation of 
motor patterns.

Recent evidence concerning the nature of the different post-synaptic targets of 
motoneurons have unveiled a peculiar diversity of neurotransmitter phenotypes. 
Activation at the neuromuscular junction is purely mediated by ACh, motoneurons 
excite Renshaw cells via a combination of ACh and glutamate, while transmission 
from motoneurons to themselves and to V3 interneurons is purely glutamatergic 
motoneurons thus communicate in different languages according to their specific 
post-synaptic target (Fig. 5). This arrangement is not unique in the central nervous 
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Fig. 5  Reciprocal connectivity between motoneurons and V3 interneurons. V3 interneurons are 
monosynaptically connected to ipsilateral motoneurons. An example of a paired recording is 
shown in panels a and b, with the location of the recorded cells indicated by an open circle. A spike 
evoked in the V3 interneuron in the loose cell-attached configuration (panel b, upper trace) evokes 
a post-synaptic response in the recorded motoneuron (panel b, lower trace). In a longitudinal spinal 
cord preparation with dorsal horn ablated (panel c), some V3 interneurons respond to ventral root 
stimulation (size of the postsynaptic response is colour coded in panel c, crosses correspond to not 
responding cells) with a large postsynaptic current (panel d) that can bring the V3 interneurons to 
threshold for the generation of an action potential (panel e). (Adapted from Chopek et al. 2018)

system, but as far as we know it is certainly rare. To the best of our knowledge, the 
only other case of such neurotransmitter dissociation is at the synapse between 
Golgi cells and unipolar brush cells and granule cells in the cerebellum, where the 
first transmitting with glycine and the latter with GABA (Dugue et al. 2005). In both 
this case and for motoneurons, it is difficult to envisage a rationale or a function for 
such differentiation in the transmitter used, especially since there seems to be no 
relation between the size of the post-synaptic target and the kinetics of the post-
synaptic receptors involved. It is yet to be determined whether segregation of the 
different neurotransmitter systems occurs at the pre or post-synaptic sites. Attempts 
of answering this question are challenged by the disparate immunohistochemistry 
evidence at motoneurons terminals and by our ignorance of the exact mechanism of 
glutamate loading in the vesicles.

It is humbling to admit that we do not know the exact role of the recurrent inhibi-
tory loop in the control and execution of motor tasks, despite the fact that it is one 
of the first characterized closed loop circuits in the CNS and 70 years of subsequent 
research. The recent discovery of two further recurrent loops, both excitatory, one 
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Fig. 6  Modes of synaptic 
communication from 
motoneurons: synaptic 
transmission is entirely 
cholinergic at the 
neuromuscular junction, 
glutamatergic at the 
motoneuron to motoneuron 
and motoneuron to V3 
interneurons synapses, but 
mixed at the motoneuron 
to Renshaw cell synapse

between motoneurons themselves and one between motoneurons and V3 interneu-
rons, raises the question of which one of these feedback loops is dominant during 
the execution of motor tasks. Addressing this question requires knowledge of the 
specific connectivity patterns between each element of the feedback loops (Fig. 6).

While it is accepted that recurrent inhibition is largely confined to homonymous 
or synergist motor nuclei (McCurdy and Hamm 1994), it is known that there is dif-
ferential degree of convergence between fast and slow motoneurons: slow motoneu-
rons receive more inhibition than fast ones (Hultborn et  al. 1988a), and contact 
fewer Renshaw cells (Hultborn et al. 1988b). Similarly, within the recurrent excit-
atory loop, fast motoneurons receive 10 times greater recurrent excitation than slow 
ones, while the relative strengths of synaptic connections in the loop between moto-
neurons and V3 interneurons is unknown. It is tempting to speculate that the dif-
ferential pattern of connectivity within each loop might relate to the differential 
order of recruitment of slow and fast motor units, conferring dominance to one cir-
cuit or the other depending on the task being performed.

Whatever the relationship between the recurrent loops, it is clear that motoneu-
rons must assume a central active role in the control of motor tasks, well beyond 
their postulated role within the final common pathway as simple passive units relay-
ing information from the CNS to the muscles.
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Recruitment of Motoneurons

Vatsala Thirumalai and Urvashi Jha

Abstract  Beginning about half a century ago, the rules that determine how motor 
units are recruited during movement have been deduced. These classical experi-
ments led to the formulation of the ‘size principle’. It is now clear that motoneuro-
nal size is not the only indicator of recruitment order. In fact, motoneuronal passive, 
active and synaptic conductances are carefully tuned to achieve sequential recruit-
ment. More recent studies, over the last decade or so, show that the premotor cir-
cuitry is also functionally specialized and differentially recruited. Modular sub 
networks of interneurons and their post-synaptic motoneurons have been shown to 
drive movements with varying intensities. In addition, these modular networks are 
under the influence of neuromodulators, which are capable of acting upon multiple 
motor and premotor targets, thereby altering behavioral outcomes. We discuss the 
recruitment patterns of motoneurons in light of these new and exciting studies.

Keywords  Size principle · Intrinsic properties · Synaptic properties · 
Neuromodulation · Interneurons · Force · Circuits · Dopamine · Serotonin · 
Bistability · Excitability

1 � Introduction

A motor unit consists of a motoneuron and all the muscle fibers it innervates. Within 
every motor unit, force generated by muscle fiber contraction is graded by two fac-
tors: the firing rate of the motoneuron and the transform function that determines 
how electrical excitation is transduced to mechanical contractility (Kernell 2003). 
When a motoneuron fires an action potential, the electrical excitation is transduced 
to mechanical contractility, i.e. a twitch, in the muscle fiber. As motoneuronal firing 
rate increases, individual twitches begin to summate and the peak contractile force 
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generated by the muscle fiber increases. Beyond a threshold firing rate, the indi-
vidual twitches fuse, the fiber is said to be in tetanus and no further increase in force 
is possible. Thus, as motoneuronal firing rate increases, the force generated by the 
fiber increases linearly over a range and then saturates. Rate modulation of twitch 
force in single motor units is a useful way of regulating forces generated by the 
whole muscle. However, relying on only rate modulation will only lead to a linear 
increase in force and a smaller range over which force can be modulated.

Muscles comprise several motor units and therefore every muscle receives input 
from several motoneurons. Therefore muscle force can also be varied by changing 
the numbers of motoneurons/units activated. In addition, motor units are not all the 
same. Motor units can be classified based on the time to achieve peak force, the 
magnitude of force generated and their fatigability, properties that are determined 
by the biochemical composition of the muscle fibers in that unit. Fast fatigue (FF) 
motor units generate large forces but fatigue quickly, slow (S) units generate small 
forces but are fatigue-resistant and fast, fatigue resistant (FR) units generate inter-
mediate forces. Every muscle is composed of a mixture of these three types of 
motor units. Muscle force is a direct function of the number and type of motor units 
activated and the intensity with which each of those motor units are activated. A 
non-linear gradation of force generated is achieved by selecting which motoneurons 
in a pool will fire action potentials and at what rate, referred to as motoneuronal 
recruitment. Below, we examine the rules that determine motoneuronal recruitment 
order and the mechanisms by which these rules operate.

2 � Size Principle

The earliest demonstration that motor units are differentially recruited to generate 
incremental force came from experiments performed nearly a century ago (Adrian 
and Bronk 1929; Denny-Brown and Pennybacker 1938). While measuring motor 
unit activity from the ventral root upon stimulation of sciatic nerve in cats, Elwood 
Henneman (Henneman 1957) observed that motoneurons continued to fire a few 
spikes after the initial reflex response. He showed that at low stimulation intensity, 
small amplitude spikes were seen and that with increased stimulation intensity, 
while the small amplitude spikes persisted, increasingly larger amplitude spikes 
were seen (Fig. 1a). Since the amplitude of the extracellularly recorded spike varies 
directly as the axonal diameter, it followed that small spikes were generated by thin 
axons and large spikes by thicker axons. Further, since soma size and axon diameter 
are likely correlated, thin axons are likely to belong to small somata and thick axons 
to large somata (Henneman et al. 1965a). These experiments suggested that as stim-
ulation intensity is gradually increased, small motoneurons are first recruited to fire 
followed by increasingly larger motoneurons.

Henneman and colleagues surmised that if size were the primary determinant of 
excitability then the order of recruitment would remain the same regardless of the 
source of excitation. They tested this idea using various reflexes such as 
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Fig. 1  Motor units are recruited in a precise order from smallest to largest. (a) Diagrammatic 
representation of ventral root recordings with increasing stimulation of sciatic nerve. Responses in 
magenta, blue and cyan represent activity of three different alpha motoneurons recruited at pro-
gressively higher stimulation intensity respectively. Note the difference in amplitudes of these 
responses (marked by arrowhead). (Adapted with permission from Henneman 1957). (b) 
Relationship between maximum tension developed by individual motor units and conduction 
velocity of their motoneuronal axons in three different soleus muscles numbered 1–3. In all cases, 
maximum tension developed increases linearly with axonal conduction velocity. (Figure modified 
with permission from Mcphedran et  al. 1965). (c) Schematic diagram showing three different 
motor units and their recruitment order. Left: Smaller-sized, slow conducting motoneuron inner-
vating weaker, fatigue-resistant muscles. Middle: Intermediate-sized motoneuron innervating 
muscles with intermediate contractile properties. Right: Larger-sized, fast conducting motoneuron 
innervating stronger and fatigable muscles

crossed-extension reflex, flexor reflex, and monosynaptic stretch reflex and also 
upon electrical stimulation of the muscle nerve. Irrespective of the source of excita-
tion, the order of recruitment remained the same (Henneman et al. 1965a, b; Bawa 
et al. 1984).

Further experiments established the relationships between motoneuron size and 
the muscle fibers they innervate (Henneman and Olson 1965; Mcphedran et  al. 
1965; Wuerker et al. 1965). Slowly conducting axons tended to innervate the weaker 
fatigue resistant Type I muscle fibers. In contrast, axons with faster conduction 
velocity were shown to innervate the stronger, fatigable Type IIB muscle fibers 
(Fig. 1b). Since conduction velocity varies inversely with axon diameter, it follows 
that small motoneurons with thin, slowly conducting axons likely innervate weak 

Recruitment of Motoneurons



172

fatigue resistant fibers. The converse is true for large motoneurons and they inner-
vate the fast fatigable fibers.

The above results form the basis of the ‘size principle’ which states that grada-
tion of force is achieved by first recruiting the slow motor units via the activation of 
small motoneurons and then by sequentially activating the fast fatigue resistant and 
finally the fast fatigable motor units via the recruitment of increasingly larger moto-
neurons (Mendell 2005) (Fig. 1c).

Size-ordered, sequential recruitment has been observed to be true across systems 
(Davis 1971; Milner-Brown et al. 1973; McLean et al. 2007; Hill and Cattaert 2008; 
Ampatzis et al. 2013; Azevedo et al. 2019) and across motor behaviors (Seven et al. 
2014). Since many of these studies were done on paralyzed or isolated spinal cord 
preparations, the frequency of fictive locomotor rhythms was used to classify neu-
rons as being recruited during slow or fast movements. Thus slow motor units were 
shown to drive low frequency movements and continued to be active during fast 
movements while fast motor units became recruited only during high frequency 
movements. However, a few notable exceptions, of selective recruitment also exist. 
Zebrafish, on perceiving a threatening or noxious stimulus, initiate a ballistic motor 
response called escape response. This behavior involves a powerful tail bend to 
quickly propel the animal away from danger. Such high-performance motor behav-
ior involves activation of fast motor units and suppression of slow motor units in the 
adult zebrafish (Song et al. 2015). Even in larval zebrafish, some slow motoneurons 
are selectively silenced during very fast swims (Menelaou and McLean 2012). 
Selective activation of high-threshold motor units with simultaneous inhibition of 
low-threshold motor units has also been observed in cats (Kanda et al. 1977) and 
humans (Stephens et al. 1978) upon stimulation of cutaneous afferents.

Irrespective of sequential or selective recruitment of motoneurons, the underly-
ing mechanisms responsible for orderly recruitment are interesting to explore and 
have been investigated systematically. We describe these findings below broadly 
under intrinsic excitability, synaptic connectivity and neuromodulatory mechanisms 
driving motoneuronal recruitment.

3 � Intrinsic Properties

Spinal motoneuronal intrinsic properties have been studied in several vertebrate 
organisms in slice, en bloc or in vivo preparations. From these studies, we now have 
a good understanding of the conductances present on the motoneuronal membrane 
(McLarnon 1995; Heckman et al. 2005; Binder et al. 2019). Here we will focus on 
what is known about how motoneuronal intrinsic properties regulate their recruit-
ment order. Henneman proposed that the size-ordered recruitment of motoneurons 
could simply be a reflection of their excitability, in turn determined by the input 
resistance, where smaller S motoneurons have higher input resistance in compari-
son to larger F units (Henneman et al. 1965a) (Fig. 2a-1). Subsequently, such grada-
tions in input resistance were shown to be due to differences in specific membrane 
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Schematic representation of responses of fast (green) and slow (magenta) motoneurons to five dif-
ferent current injection protocols showing their differences in (1) Input resistance (2) Rheobase (3) 
After-hyperpolarization (AHP). Magnified view of AHP is shown on the right inside the dashed 
circle. (4) PIC mediated sustained firing (5) Hysteresis. (Adapted with permission from Turkin 
et  al. 2010). (b) Left: Schematic representation of topographical recruitment pattern of spinal 
motoneurons in larval zebrafish. Dorsally located, low input resistance motoneuron is labelled in 
green while ventrally located, high-input resistance motoneuron is labelled in magenta. Right: 
Tonic and bursting responses of fast and slow motoneurons respectively in response to injected 
current. (c) Top: Schematic representation of rhythmic bursts in slow motoneurons in response to 
injected current. Rhythmic membrane oscillations underlying action potentials are highlighted 
with dashed black line. Bottom: Schematic representation of ventral root recordings. Start of each 
motor burst is highlighted with a dashed line on top. (d) Schematic representation of membrane 
potential changes in fast and slow motoneurons during fictive swims. Depicted at bottom is sche-
matic of ventral root recordings. (Figure 2b–d adapted from Menelaou and McLean 2012)

resistivity (Gustafsson and Pinter 1984a), and not arising solely out of changes 
in size.

It is now becoming clear that both passive and active properties of motoneurons 
systematically vary within a motoneuronal pool to aid in the orderly recruitment. 
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For example, motoneurons in the S-motor units have considerably smaller dendritic 
elaborations and therefore smaller membrane capacitance compared to 
F-motoneurons (Cullheim et al. 1987). Moreover, rheobase (the current required to 
bring a neuron to threshold), increases in the order S < FR < FF (Fig. 2a-2). However, 
this could not be explained based on input resistance alone, as units that had similar 
resistances showed very different rheobases (Fleshman et al. 1981; Gustafsson and 
Pinter 1984b). These early findings in cat are supported by studies in other verte-
brates (Bakels and Kernell 1993; Leroy et al. 2014, 2015) and invertebrates (Davis 
1971; Hill and Cattaert 2008; Sasaki and Burrows 1998; Azevedo et  al. 2019; 
Gabriel et al. 2003) showing a gradation of motoneuronal size, active and passive 
properties to generate slow/weak, and fast/strong muscle action.

Resting membrane potential is also an important regulator of recruitment order. 
In the brainstem respiratory network of neonatal rats, phrenic motoneurons that had 
a higher resting membrane potential and input resistance fired during inspiratory 
cycles. In contrast, motoneurons having a lower resting membrane potential and 
input resistance were silent. Though the synaptic current during inspiration was the 
same, synaptic drive potentials were smaller in the silent neurons due to the larger 
leak conductance. Further, the hyperpolarized resting membrane potential meant 
that the synaptic potentials were not large enough to reach threshold (Su et al. 1997). 
In stick insect also, differences in resting membrane potential between slow and fast 
flexor motoneurons lead to their differential recruitment during walking (Gabriel 
et al. 2003).

The spike after-hyperpolarization (AHP) is another property that varies system-
atically among motoneurons to set their recruitment order (Fig. 2a-3). S-type moto-
neurons have longer and larger AHP’s compared to F-type ones (Eccles et al. 1957, 
1958; Gustafsson and Pinter 1984a, b; Zengel et al. 1985; Bakels and Kernell 1993). 
As AHP’s are often generated by calcium-dependent potassium currents, these 
results point to differences in calcium-dependent potassium channel densities and 
kinetics in S-type and F-type motoneurons.

Besides these, motoneurons express a range of ionic conductances, which differ 
between motoneuron types. For example, motoneurons exhibit persistent inward 
currents (PICs) mediated by voltage-dependent L-type calcium channels, calcium-
activated non-selective cation currents and/or voltage-gated sodium channels that 
inactivate slowly and are located predominantly on dendrites (Schwindt and Crill 
1977; Zhang et al. 1995; Lee and Heckman 1998a, b; Hamm et al. 2010). In decer-
ebrate cats, low-threshold motoneurons belonging to S-type motor units show long-
lasting depolarization in response to brief synaptic inputs due to the activation of 
PICs. In contrast, high-threshold motoneurons likely belonging to F-type motor 
units, though they have strong PICs, generate shorter spiking responses, probably 
due to differences in the voltage-dependence of PICs (Lee and Heckman 1998a, b) 
(Fig.  2a-4). These differences result in altered responses to current injections or 
synaptic input such that the low-threshold motoneurons show immediate accelera-
tion of firing rate that is sustained even after the input has ended, while high-
threshold cells show delayed acceleration of firing and do not sustain firing rates 
over longer periods of time (Heckman et  al. 2005; Bhumbra and Beato 2018; 
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Manuel and Zytnicki 2019). Presence of PICs leads to a negative slope region in the 
current-voltage relationship of neurons and induces several non-linear characteris-
tics including membrane potential bistability in the form of plateau potentials 
(Binder et al. 2019). PICs are major targets of neuromodulation and serve to amplify 
dendritic synaptic currents (Heckman et al. 2009). The neuromodulation of PICs by 
monoamines and the induction of bistability are discussed in greater detail in a later 
section.

The characteristics of the AHP, PICs and spike frequency adaptation determine 
the neuronal gain, i.e. the slope of the relationship between current injected versus 
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firing rate of a neuron (f-I curve) (Powers and Binder 2001). The f-I curves of mam-
malian motoneurons show a linear relationship over a range of injected current val-
ues, their ‘primary’ range. Beyond this, a ‘secondary’ and sometimes a ‘tertiary’ 
region with distinct slopes are present (Schwindt 1973). In rat and mouse motoneu-
rons, a ‘sub-primary’ region, where spiking is irregular and the f-I curve is non-
linear, could be discerned (Manuel et  al. 2009; Turkin et  al. 2010). In addition, 
presence of PICs and spike frequency adaptation leads to hysteresis in f-I relation-
ships, i.e., ascending and descending ramp currents generate different responses. 
Neurons with spike frequency adaptation fire less during descending ramps than 
during ascending ramps and therefore have ‘clockwise’ hysteresis (e.g., Fig. 2a-5, 
top panel). Neurons with strong PICs fire more during descending ramps due to the 
activation of these inward currents leading to ‘anti-clockwise’ hysteresis (Fig. 2a-5, 
bottom panel). Interestingly, the nature of hysteresis depended on input resistance, 
such that high resistance neurons showed anti-clockwise hysteresis while low resis-
tance neurons showed clockwise hysteresis (Manuel et al. 2009; Hamm et al. 2010; 
Turkin et al. 2010) (Fig. 2a-5). The net result of these differences in hysteresis is that 
the threshold current for recruitment in slow motoneurons is higher than that during 
de-recruitment. The opposite is true in fast motoneurons: the threshold current for 
recruitment is lower than that during de-recruitment. These properties imply that as 
locomotor synaptic drive decreases at the end of a motor episode, slow motoneurons 
continue to fire while fast motoneurons switch off quickly.

Further, motoneuronal classes show distinct frequency-dependent responses 
making them amplify inputs at certain frequencies better. The presence of the hyper-
polarization activated ‘sag’ current (Ih) induces resonance in some motoneurons 
with a peak at around 10 Hz on average. The amplitude of Ih is different in slow and 
fast motoneurons such that slow motoneurons likely have little to no Ih while fast 
motoneurons show a strong Ih component (Gustafsson and Pinter 1984a; Manuel 
et al. 2007; Turkin et al. 2010). Monosynaptic excitatory post synaptic potentials 
(EPSPs) from Ia afferents that signal muscle stretch consist of static and dynamic 
components. In a modeling study, it was shown that the interaction between PICs 
and Ih-induced resonance in fast motoneurons could lead to greater amplification of 
fast, dynamic EPSPs (Manuel et al. 2007). In turn, this means that during strong, 
fast muscle stretches such as those occurring during fast movements, the dynamic 
components of Ia monosynaptic input generate much larger EPSPs in fast motoneu-
rons increasing their probability of spiking. In non-resonant slow motoneurons, fast 
PICs led to amplification of the static component of Ia EPSPs leading to plateau 
potentials and sustained firing responses (Manuel et al. 2007; Turkin et al. 2010; 
Binder et al. 2019).

Larval zebrafish afford a convenient model system in which mechanisms of 
motoneuronal recruitment patterns can be studied in a whole organismal context. 
This has led to investigations of motoneuronal recruitment with respect to birth 
order of motoneurons and their passive, active and synaptic properties. Primary 
motoneurons are specified soon after gastrulation ends, occupy a relatively dorsal 
location in the spinal cord and are also larger in size (Eisen 1991; Berg et al. 2018). 
Primary motoneurons innervate fast muscle and are recruited during escapes, 
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struggles and fast swims (McLean et al. 2007, 2008; Gabriel et al. 2011; Ampatzis 
et al. 2013; Song et al. 2015; Berg et al. 2018). In contrast, secondary motoneurons 
are born later, occupy relatively ventral locations in the spinal cord and are smaller 
in size (Myers 1985). Secondary motoneurons are recruited at lower swim speeds 
compared to primary motoneurons. In general, recruitment order proceeds from 
ventral to dorsal soma position such that the most ventrally located secondary moto-
neurons are the first ones to be recruited at very low swim speeds, followed by 
dorsal secondary motoneurons and finally the primary motoneurons at the fastest 
frequencies (McLean et al. 2007, 2008; Gabriel et al. 2011; Ampatzis et al. 2013). 
These topographic gradients in motoneuronal recruitment pattern match the differ-
ences in intrinsic properties. In larval zebrafish, primary motoneurons were the larg-
est and had the lowest input resistance and the highest rheobase. The most ventrally 
located secondary motoneurons had the lowest rheobases while an intermediate 
population showed properties in between the two groups (McLean et  al. 2007; 
Menelaou and McLean 2012). These classes of motoneurons also responded differ-
ently to injected depolarizing current steps where smaller, ventral motoneurons 
were shown to be intrinsically rhythmic in both the larva and the adult (Fig. 2b) 
(Gabriel et al. 2011; Menelaou and McLean 2012). Current-evoked bursting fre-
quencies were similar to burst frequencies observed during fictive slow swims 
(Fig. 2c). This suggests that these ventral secondary motoneurons are tuned to be 
endogenously rhythmic near natural swim frequencies and could be easily recruited 
during slow swims (Gabriel et al. 2011; Menelaou and McLean 2012) (Fig. 2d) or 
that these motoneurons participate in generating the locomotor rhythm at these fre-
quencies (Falgairolle and O’Donovan 2019b).

Taken together, all of the above studies suggest that recruitment order is set by 
the careful tuning of passive and active properties and are not only dependent on 
size. The net effect of such tuning is to give rise to smaller, more excitable motoneu-
rons that generate weak movements and larger, less excitable motoneurons recruited 
for generating strong forces.

4 � Synaptic Properties

Motoneurons receive thousands of excitatory and inhibitory synaptic inputs all 
along their extensive dendritic arbors. Synaptic inputs to motoneurons arise from 
diverse sources such as group Ia and group II sensory afferents, excitatory and 
inhibitory spinal interneurons and descending projections. In general, three classes 
of synaptic inputs have been identified: (1) Post synaptic potentials (PSPs) that scale 
with input resistance; (2) PSPs that are independent of input resistance; and (3) 
PSPs that are predominantly inhibitory to low threshold motoneurons but predomi-
nantly excitatory to high threshold motoneurons (Powers and Binder 2001).

Class 1: The synapses made by group Ia afferents onto motoneurons are probably 
the best studied amongst all synaptic inputs to motoneurons. The monosynaptic 

V. Thirumalai and U. Jha



179

EPSP from Ia afferents to homonymous motoneurons scales in amplitude with 
motoneuronal input resistance. In addition, voltage clamp studies of motoneu-
rons in adult cat show that the somatically recorded synaptic current amplitude 
scales directly with input resistance. Thus, in S-type motoneurons, high input 
resistance and a large synaptic current combine to generate an even larger EPSP 
while in F-type motoneurons, a much smaller EPSP is seen (Heckman and 
Binder 1988).

Class 2: EPSPs generated by group II afferents did not vary in amplitude across the 
different types of motor units (Munson et al. 1982). It then follows that to com-
pensate for the low resistance of the F-type motoneurons, group II afferent syn-
aptic currents will have to scale inversely in order to generate similar sized 
EPSPs. These findings also imply that while sensory input from Ia afferents 
might be particularly important for sustained movements of small forces, group 
II afferent input drives all motoneurons equally.

Class 3: Stimulation of the rubrospinal tract from the red nucleus, the pyramidal 
tract or group Ib afferents, predominantly excites the F-type and inhibits the 
S-type motoneurons. These actions are thought to derive from their connections 
to last order spinal excitatory and inhibitory interneurons (Powers and 
Binder 2001).

These early studies suggest that spinal pre-motor networks could be segregated 
based on the motoneuronal types that they target, an idea that has recently been 
investigated in zebrafish and mice (Goulding 2009; Arber 2012; McLean and 
Dougherty 2015; Gosgnach et al. 2017; Berg et al. 2018). Indeed, in zebrafish, fast 
motoneurons have been shown to receive strong phasic excitatory synaptic input 
preferentially during fast swims (Kishore et al. 2014). The ability to label distinct 
spinal interneuronal types in zebrafish and mice has enabled investigations into 
motoneuron type-specific connectivity within the spinal cord. Such studies have 
asked whether specific groups of interneurons are recruited during slow or fast 
movements and if they are preferentially connected to slow and fast motoneurons 
respectively. The view that has emerged from these studies is that in contrast to 
motoneurons, interneurons are selectively activated or silenced at different locomo-
tor speeds such that distinct populations of interneurons drive motoneuronal activa-
tion at these speeds (McLean et  al. 2007, 2008; Kimura and Higashijima 2019; 
Satou et  al. 2020) (Fig. 3). However, incremental recruitment of interneurons as 
speed increases, similar to the recruitment of motoneurons has also been reported 
(Ausborn et al. 2012; Ampatzis et al. 2014; Björnfors and El Manira 2016).

Molecular analyses of embryonic mammalian spinal cords have revealed 
domains along the dorso-ventral axis, where distinct transcription factors are 
expressed. Neuronal progenitors within these transcription factor domains give rise 
to neurons that are broadly classified into different classes of dorsal and ventral 
interneuronal, and motoneuronal populations. The ventral interneurons, members of 
spinal CPG networks, are in turn sub-divided into V0, V1, V2, and V3 populations, 
with V0 being the dorsal-most and V3 being the ventral-most (Jessell 2000; Alaynick 
et al. 2011; Catela et al. 2015). However, these groups are collections of diverse 
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neuronal types in terms of neurotransmitter phenotype, projection patterns, molecu-
lar composition and function during locomotion (see below). All four groups of 
interneurons are active during locomotor episodes and serve distinct functions to 
generate the rhythm (Gosgnach et  al. 2017). For some populations, preferential 
recruitment during slow or fast locomotion and preferential connectivity to slow 
and fast motoneurons have been demonstrated. These studies are briefly dis-
cussed below.

V0 interneurons can be identified and genetically labeled based on their expres-
sion of the transcription factor Dbx1 (Pierani et al. 2001). V0 neurons are commis-
sural, and are divided into two types: excitatory and ventrally located V0V and 
inhibitory and more dorsally located V0D (Lanuza et al. 2004; Satou et al. 2012). A 
small population of cholinergic V0C neurons is also present, which projects to ipsi-
lateral motoneurons and may modulate their firing rates (Zagoraiou et al. 2009). In 
general, V0 neurons regulate left-right alternation but V0V regulate left-right alter-
nation during high frequency locomotor rhythms while V0D are required for left-
right alternation at low frequencies (Talpalar et  al. 2013; Bellardita and Kiehn 
2015). Recent work in adult zebrafish shows that even within the V0V class, there 
are two types: those that are rhythmic during swim bouts and those that are not. The 
rhythmic V0V neurons show preferential recruitment at slow, intermediate or fast 
swim speeds where the recruitment order of V0V interneurons is determined by a 
combination of intrinsic and synaptic properties (Björnfors and El Manira 2016). 
Study of V0 interneurons in larval zebrafish also shows them to be important for 
left-right alternation, while differing with adult zebrafish and mice in the frequen-
cies at which they are recruited (McLean et al. 2008; Satou et al. 2020). Monosynaptic 
connections between V0 interneurons and motoneurons have been demonstrated 
(McLean et al. 2008; Satou et al. 2020), however specific connectivity to different 
motoneuronal classes has not yet been comprehensively determined.

V1 interneurons are ipsilaterally projecting inhibitory interneurons marked by 
the expression of the transcription factor Engrailed1 (Higashijima et al. 2004; Li 
et al. 2004; Gosgnach et al. 2006). These neurons give rise to several distinct classes 
of ipsilateral inhibitory interneurons (Alvarez et al. 2005; Bikoff et al. 2016). In 
larval zebrafish and tadpoles, V1 interneurons provide in-phase inhibition to ipsilat-
eral premotor CPG neurons and motoneurons (Higashijima et  al. 2004; Li et  al. 
2004; Kimura and Higashijima 2019). Studies in zebrafish show that V1 neurons 
can also be sub-divided based on the frequencies at which they are active. Fast-type 
V1 interneurons fire during fast swims and provide strong in-phase inhibition to 
both slow and fast type motoneurons. In-phase inhibition provided to fast motoneu-
rons is critical for terminating the burst and therefore increases the frequency of 
bursts in fast motoneurons. Slow-type V1s are silent during fast swims and fire dur-
ing slow swims, terminating the burst in slow motoneurons (Kimura and Higashijima 
2019). In juvenile mice also, V1 interneurons restrict the burst duration of flexor 
motoneurons and promote the transition from swing to stance (Zhang et al. 2014; 
Britz et al. 2015). Consistent with these results, removing V1 input leads to slowing 
of the motor rhythm in mammals and fish (Gosgnach et al. 2006; Falgairolle and 
O’Donovan 2019a; Kimura and Higashijima 2019). Further investigations into 
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patterns of connectivity between V1 neurons and distinct motoneuronal classes in 
mammals are necessary to delineate how they aid in selective recruitment of 
motoneurons.

V2 interneurons are ipsilaterally projecting mixed type neurons, expressing the 
transcription factor Lhx3 and further subdivided into excitatory V2a and inhibitory 
V2b interneurons (Karunaratne et al. 2002). The role of the V2a class in motoneu-
ronal recruitment is better understood compared to other ventrally located interneu-
rons (Dougherty and Kiehn 2010a; Berg et  al. 2018). V2a interneurons are the 
primary source of excitation to motoneurons and are genetically labelled by the 
transcription factor Chx10 (Kimura et al. 2006; Al-Mosawie et al. 2007; Lundfald 
et al. 2007). They contribute to important functions in the spinal cord like maintain-
ing left-right coordination (Crone et al. 2008, 2009; Dougherty and Kiehn 2010b; 
Zhong et al. 2010) and providing excitatory locomotor drive (Eklöf-Ljunggren et al. 
2012, 2014; Sternberg et al. 2016).

The heterogeneity of V2a interneurons, in terms of their molecular composition, 
morphology, intrinsic electrical properties and connectivity (Ausborn et al. 2012; 
Kimura et al. 2006; Dougherty and Kiehn 2010b; Zhong et al. 2010; Menelaou et al. 
2014; Hayashi et al. 2018; Menelaou and McLean 2019), results in different popula-
tions of V2a being recruited at different locomotor frequencies (McLean et al. 2007, 
2008; Crone et al. 2009; Zhong et al. 2010; Ausborn et al. 2012). V2a interneurons 
in mice and zebrafish were shown to belong to type I or type II with type I neurons 
having descending axons while type II neurons have a bifurcating axon that projects 
in the ascending and descending directions (Dougherty and Kiehn 2010b; Menelaou 
et al. 2014; Hayashi et al. 2018; Menelaou and McLean 2019). In addition, the two 
types differ in their expression levels of Chx10, passive and active membrane prop-
erties, and in connectivity to other V2a neurons, V0 neurons and motoneurons. Type 
I neurons seem to provide stronger inputs to V0 interneurons, while type II provide 
strong excitation to motoneurons (Hayashi et al. 2018; Song et al. 2018; Menelaou 
and McLean 2019).

In zebrafish, V2a neurons were also shown to fall into ‘slow’, ‘intermediate’ or 
‘fast’ classes depending on their preferential firing during slow, intermediate and 
fast rhythms respectively. Within each of these pools, type I and type II V2a neurons 
were present at varying proportions. The slow module consisted predominantly of 
type I neurons while the fast module consisted predominantly of type II neurons 
(Song et al. 2020). Slow V2a neurons are preferentially connected to slow motoneu-
rons, intermediate V2as to intermediate motoneurons and fast V2as to fast motoneu-
rons (Ampatzis et  al. 2014). Recurrent excitation via electrical, mixed and/or 
glutamatergic synapses between V2a neurons is also pool specific with preferential 
connectivity within but not across pools (Menelaou and McLean 2019; Song et al. 
2020). These results suggest that the V2a and motoneuronal speed modules com-
prise distinct microcircuits that are engaged to generate different speeds of move-
ment. In addition, several recent studies show that motoneurons are able to send 
feedback to the CPG and regulate the rhythm (Song et al. 2016; Falgairolle et al. 
2017; Falgairolle and O’Donovan 2019b). In zebrafish, this is likely mediated via 
bidirectional gap junctions between motoneurons and their respective V2a pools 
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(Kimura et al. 2006; Song et al. 2016). In contrast, studies in neonatal mice have 
shown that motoneurons and V2as are not electrically coupled (Bhumbra and Beato 
2018) and other mechanisms are probably at play for motoneuronal modulation of 
locomotor frequency (Falgairolle et al. 2017; Falgairolle and O’Donovan 2019b).

V2b neurons express GATA2/3 and are GABA/glycinergic inhibitory interneu-
rons (Karunaratne et al. 2002). Together with V1 interneurons, V2b ensure alterna-
tion between ipsilateral flexors and extensors in the neonatal mouse spinal cord 
(Zhang et al. 2014; Britz et al. 2015). In larval zebrafish, two different populations 
of V2b were identified: ones that were purely glycinergic and those that were GABA 
and glycinergic. V2bs used both GABA and glycine to inhibit slow motoneurons 
while the V2b input to fast motoneurons was pure glycinergic. V2b input was shown 
to regulate swim speed by reducing tail beat frequency (Callahan et al. 2019).

The V3 class of interneurons are an interesting group of commissural neurons 
that express the transcription factor Sim1 and make monosynaptic excitatory con-
nections with contralateral motoneurons. They have been shown to be important for 
maintaining a stable locomotor pattern (Zhang et al. 2008) and in controlling left-
right asymmetry of motion such as those required to make turns (Danner et  al. 
2019). However their recruitment patterns or differential innervation of motoneuro-
nal types have not yet been investigated.

In sum, it is clear that synaptic drive to motoneurons varies across classes and is 
critical for determining their recruitment order. The above studies clearly show that 
premotor excitatory and inhibitory drive is not the same for all motoneurons and in 
fact motoneurons and their premotor synaptic cohort could be organized into dis-
tinct modules. These modules are differentially recruited depending on the speed of 
locomotion (Fig. 3).

Output properties are also distinct in slow and fast type motoneurons. This was 
demonstrated in zebrafish, where it was observed that connections made by fast and 
slow type motoneurons with their target muscles differed in strength and activity-
dependent plasticity. Fast-type motoneurons formed stronger and more reliable syn-
apses with muscle fibers and these synapses underwent depression during repetitive 
high frequency motoneuronal spiking. In contrast, slow-type motoneurons formed 
weaker synapses with highly variable output. These synapses underwent potentia-
tion making the response of slow type motoneurons consistent after repetitive firing 
as would occur during continuous swimming (Wang and Brehm 2017). Thus, differ-
ences at the level of both input and output of motoneuronal classes match motoneu-
ronal recruitment patterns.

5 � Neuromodulation

From the above, it can be seen that the recruitment order of motoneurons is a func-
tion of their passive and active properties as well as the excitatory and inhibitory 
synaptic drive they receive. These properties are under the constant influence of 
neuromodulators such as monoamines and peptides (Marder and Thirumalai 2002; 
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Marder 2012). In particular, the monoamines serotonin, norepinephrine and dopa-
mine have received much attention with regards to their effects on locomotor net-
works and the cellular mechanisms involved (Miles and Sillar 2011). Serotonergic 
and dopaminergic neuromodulatory nuclei with known projections to the spinal 
cord show activity that is correlated with movement (Veasey et al. 1995; Jay et al. 
2015). Both serotonin and norepinephrine lower the action potential threshold in 
spinal motoneurons (Fedirchuk and Dai 2004). Serotonin also modulates several ion 
channel and synaptic receptor classes in spinal motoneurons including leak chan-
nels, inward rectifying potassium channels, the ‘sag’ current Ih and NMDAR cur-
rents (Takahashi and Berger 1990; Maclean et al. 1998; Kjaerulff and Kiehn 2001; 
MacLean and Schmidt 2001). In addition to these, PICs, described in detail in Sect. 
3, are also an important target of neuromodulators like serotonin and norepineph-
rine (Heckman et al. 2009). Serotonin induces plateau potentials in motoneurons via 
the activation of PICs (Hounsgaard et al. 1988; Hounsgaard and Kiehn 1989; Perrier 
and Hounsgaard 2003) leading to bistability of resting membrane potential. As seen 
earlier, motoneurons of different classes exhibit bistability to varying degrees (Lee 
and Heckman 1998b). Motoneuronal dendrites are richly innervated by serotoner-
gic fibers (Alvarez et al. 1998) and are also where PICs are located (Heckman et al. 
2003). This enables serotonergic input to amplify synaptic input in the dendrites via 
the activation of PICs, in turn implying that neuromodulators like serotonin can 
amplify synaptic input in S-type motoneurons to a greater extent than they do in 
F-type motoneurons. This would be important for motoneuronal recruitment as this 
would allow fatigue resistant S type units to generate long duration self-
sustained firing.

Serotonin can also affect motoneuronal firing indirectly by modulating the pre-
motor network. Serotonin depolarizes V2a neurons, increases their input resistance 
and induces membrane bistability in them (Zhong et al. 2010; Husch et al. 2015). 
Serotonin also increases the excitability of ascending commissural interneurons, 
some of whom are members of the V0 pool, by depolarizing these neurons and by 
altering the shape of the action potential and the spike after-hyperpolarization 
(Zhong et al. 2006).

Dopamine increases the excitability of motoneurons (Han et al. 2007; Jha and 
Thirumalai 2020) and reduces the first spike latency by acting on multiple classes of 
potassium channels (Han et al. 2007). Further, dopamine strengthens glutamatergic 
synaptic input arriving in motoneurons (Han and Whelan 2009). Thus, at least for 
monoamines, the evidence that neuromodulation alters motoneuronal firing proper-
ties is strong.

Though these studies describe the effects of neuromodulators at a cellular or 
network level, how neuromodulators like dopamine act on motoneuronal firing 
properties in a behavioral context was not clearly understood. Recently, dopamine 
was shown to alter motoneuronal firing rates and recruitment patterns during the 
optomotor response in larval zebrafish. During this behavior, larvae generate slow 
swims by engaging many slow motoneurons while some slow motoneurons and all 
fast motoneurons remain silent. Activation of D1-like dopamine receptors 
(D1-like-R) decreased spike latency and action potential threshold in both classes of 
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motoneuron. Further, D1-like-R activation also increased the excitatory drive to 
motoneurons (Fig. 4a). All of these changes at the cellular level enhanced action 
potential firing in slow motoneurons. Additionally, the silent slow motoneurons and 
fast motoneurons were also recruited to fire during the optomotor response, ulti-
mately causing the fish to make larger tail bends and therefore, swim faster (Jha and 
Thirumalai 2020) (Fig. 4a). It follows from this study that the recruitment of moto-
neurons during a given task is dependent on the neuromodulatory context. This 
study also provides evidence that neuromodulators like dopamine can affect the 
force generated by involving both rate modulation and recruitment patterns of 
motoneurons.

Finally, neuromodulators can switch behavioral outputs by biasing motoneurons 
towards one set of inputs. During escape response in adult zebrafish, fast motoneu-
rons receive strong excitatory inputs while slow motoneurons are inhibited from 
spiking as stated above (Ampatzis et al. 2013). This hard-wired circuit is acted upon 
by the endocannabinoid 2-arachidonoyl glycerol (2-AG) that differentially modu-
lates both slow and fast units. 2-AG promotes potentiation of both excitatory input 
to fast motoneurons and inhibitory inputs to slow motoneurons (Fig.  4b). 
Endocannabinoid modulation of the escape and swim modules promotes preferen-
tial selection of less excitable fast units and suppression of slow units. Thus under 
conditions of high endocannabinoid modulation, the fast motor units are easily acti-
vated and fish are biased to execute escapes even at low stimulus intensities (Song 
et al. 2015) (Fig. 4b). In sum, though recruitment pattern is dictated by the carefully 
tuned intrinsic and synaptic properties of motoneurons, neuromodulators can alter 
these to dramatically alter motoneuronal recruitment patterns during behavior.

6 � Conclusion

Investigations over the last 100 years have now led to a deeper understanding of the 
rules that govern motoneuron excitability and recruitment patterns. We now appre-
ciate that pre-motor circuits are heterogenous and likely deliver precise patterns of 
excitation and inhibition to motoneurons depending on the motor command. 
However, there are still many open questions such as how the recruitment patterns 
are set-up during development or how descending motor command is translated into 
distinct recruitment patterns. The availability of modern tools to label neuronal 
types and image and manipulate their activity during locomotor behavior will allow 
us to answer many of these open questions in the future.
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Electrical Properties of Adult Mammalian 
Motoneurons

Calvin C. Smith and Robert M. Brownstone

Abstract  Motoneurons are the ‘final common path’ between the central nervous 
system (that intends, selects, commands, and organises movement) and muscles 
(that produce the behaviour). Motoneurons are not passive relays, but rather inte-
grate synaptic activity to appropriately tune output (spike trains) and therefore the 
production of muscle force. In this chapter, we focus on studies of mammalian 
motoneurons, describing their heterogeneity whilst providing a brief historical 
account of motoneuron recording techniques. Next, we describe adult motoneurons 
in terms of their passive, transition, and active (repetitive firing) properties. We then 
discuss modulation of these properties by somatic (C-boutons) and dendritic (per-
sistent inward currents) mechanisms. Finally, we briefly describe select studies of 
human motor unit physiology and relate them to findings from animal preparations 
discussed earlier in the chapter. This interphyletic approach to the study of moto-
neuron physiology is crucial to progress understanding of how these diverse neu-
rons translate intention into behaviour.

Keywords  Repetitive firing · Spike frequency adaptation · C-boutons · Persistent 
inward currents · Modulation

1 � Introduction

The primary role of a pool of motoneurons is to work in concert to effect muscle 
contraction. To do so, each motoneuron of the pool involved in the behaviour must 
fire trains of action potentials at frequencies that cause its innervated muscle fibres 
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to contract with the required force. To do this, a motoneuron integrates inputs from 
spinal premotor neurons (in some cases including other motoneurons), brain stem, 
and forebrain, as well as proprioceptive afferents. These inputs inform the motoneu-
ron’s output (spike train), and are comprised of excitatory, inhibitory, and modula-
tory types. Thus to understand how motor commands are transduced into behaviour, 
it is necessary to understand how motoneurons integrate these various inputs.

Motoneuron integrative properties have primarily been studied using electro-
physiological techniques in which glass micropipettes are used to obtain access to 
the interior of the cell soma by either impalement (sharp microelectrodes) or nega-
tive pressure following membrane seal formation (whole cell patch). Electrical 
responses can be classified into passive (e.g. whole cell capacitance, input resis-
tance), transition (e.g. rheobase, single action potential characteristics), and repeti-
tive firing properties, and are influenced by many factors. One important factor in 
integration is geometry. Although variable between cells, motoneurons can be large, 
with inputs arriving at dendrites that extend over millimetres in larger mammals 
(Fig. 1). The location of these inputs relative to the integrative site at the axon initial 
segment influences their “value” in the production of spike trains.

A motoneuron is defined by its output: these are neurons that innervate muscle 
fibres. (While there are indeed other post-synaptic targets, a key role is to cause 
muscle contraction; other targets are considered in other chapters.) Somatic moto-
neurons, to be considered here, innervate skeletal muscle fibres. While this may 
seem to be a sufficiently restricted definition, there is great diversity within moto-
neurons within any given animal. That is, there are many subgroups of motoneurons 

Fig. 1  Anatomy of a motoneuron. (a) Intracellularly filled, 3D reconstructed, adult cat triceps 
surae motoneuron shown in a transverse section of the lumbar spinal cord. Arrows show axon (no 
tapering) and dendritic field, which can extend more that 1 mm from the soma. (b) Intracellularly 
filled, 3D reconstructed, medial gastrocnemius motoneurons (blue) and invading proprioceptive 
afferent fibres (Aff, pink and black). Longitudinal/oblique spinal cord slice. Both scale bars are 
1 mm. (a) from Ulfhake et al. (1988), Fig. 5d. (b) from Burke and Glenn (1996), Fig. 1
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within both the brain stem and spinal cord, and these subgroups have different inte-
grative properties.

Somatic motoneurons in the brain stem include those that innervate the extraocu-
lar muscles (Evinger 1988), the muscles of mastication (Yamada et al. 2005), of the 
face (including whisking motoneurons in some species; Kleinfeld et al. 2014), of 
the oropharynx (Gestreau et al. 2005), of the larynx, and the tongue. Some of these 
populations have been studied more thoroughly than others, but it is clear that their 
properties differ from each other. Oculomotor neurons, for example, can fire at rates 
of up to 400  Hz (Tsuzuki et  al. 1995), far faster than trigeminal motoneurons 
(Chandler et al. 1994), for example.

Motoneurons are located throughout the spinal cord, where they organise into 
columns during development. The phrenic motor column is in cervical C3–5 seg-
ments and innervates the diaphragm. In the cervical and lumbar spinal cord, medial 
motor column (MMC) motoneurons innervate epaxial (including, for example, 
erector spinae, multifidus, semispinalis, and splenius) muscle fibres (Tsuchida et al. 
1994), and the lateral motor column (LMC) motoneurons are limb-innervating. 
Motoneurons innervating external urethral and anal sphincter muscles, and those 
innervating tail muscles are in the sacral spinal cord. LMC motoneurons have been 
most extensively studied and thus form the basis of much of our knowledge of 
motoneuron properties.

The LMC itself can be divided into columns (medial (LMCm) and lateral (LMCl)), 
which in turn can be subdivided into columels that contain motor pools (for review 
see, Stifani 2014). A motor pool is a population of motoneurons that innervates a 
single muscle (Kanning et al. 2010). There is further granularity within motor pools 
themselves, as most are comprised of motoneurons with different functions. 
γ-motoneurons, which are about 30% of many pools, innervate the contractile com-
ponents of the sensory organs of muscles, muscle spindles (Granit 1975), whereas 
α-motoneurons innervate extrafusal fibres responsible for force production. In addi-
tion, β-motoneurons innervate both spindles and extrafusal fibres. α-motoneurons 
within a pool can be further sub-divided based on the muscle fibre type they inner-
vate (type I, or slow twitch, type IIa or fast twitch fatigue-resistant, type IIb and IIx, 
fast twitch fatigable). An α-motoneuron and the muscle fibres it innervates are 
together called a motor unit (Liddell and Sherrington 1924). These motoneurons 
have electrophysiological properties that correspond to the fibre types they inner-
vate, and are termed S, FR, and FF (slow, fast fatigue resistant, and fast fatigable) 
motoneurons (Burke et al. 1973).

Given their diversity, it is no wonder that motoneurons have diverse electrophysi-
ological properties and it is thus impossible to define these properties for an “ide-
alised” motoneuron. In this chapter, we will present a brief history of motoneuron 
recordings from Lord Adrian to the present day, and then discuss passive, transition, 
and repetitive firing properties, focusing on the properties and subtypes of spinal 
LMC α-motoneurons. We also discuss motoneuron modulation by somatic 
(C-boutons) and dendritic (persistent inward currents) pathways, and finally, human 
studies of motor unit physiology.
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�Foundational Studies of Motoneuron Properties

While Sherrington studied motor output from the behavioural viewpoint, it was 
Lord Adrian who first recorded mammalian motor axons (Adrian and Bronk 1929). 
These experiments revealed repetitive spike trains from phrenic motor nerves at 
frequencies which seemingly covaried with the contraction force. Eccles and Hoff 
(1932) followed this up with a study in which they modified these spike trains using 
electrical stimulation, leading them to propose that the neurons of origin had a “cen-
tral excitatory state” that was depressed after each spike. They further concluded 
that these depressions could summate – this turned out to be prescient of the phe-
nomenon of the summation of post-spike afterhyperpolarisations described by Ito 
and Oshima (1962).

With the advent of the paraphernalia required for intracellular recording that fol-
lowed on studies of invertebrate neuronal excitability (Hodgkin and Huxley 1939), 
two groups began to record cat motoneurons in anaesthetised preparations (Brock 
et al. 1951; Brownstone 2006 review for a full account). These seminal studies led 
to an understanding of the basic electrical properties of motoneurons, which were 
then formalised by Rall and co-workers (Rall 1960; Eccles 1961). Meanwhile, 
Kernell and colleagues outlined repetitive firing properties, defining the relation-
ships between motoneuron input and output (Granit et al. 1966a, b). Thus, by the 
end of the 1960s, we had a good understanding of the fundamental passive, transi-
tion, and repetitive firing properties of motoneurons.

All of the above experiments were done in vivo, mostly in anaesthetised prepara-
tions although some in decerebrate preparations. It became evident that motoneuron 
properties are “state-dependent” – i.e. different if recorded under anaesthesia vs in 
the decerebrate preparation, and different during induced locomotor activity than at 
rest (Brownstone et al. 1992). Most of these early experiments were in cat (with a 
few in rats), and all were done with sharp electrodes, “blindly” seeking ventral horn 
neurons that could be identified by their antidromic responses to stimulation of 
muscle nerves. All were in motoneurons innervating the hindlimb (usually left), and 
most innervated extensor muscles such as gastrocnemius. And because they were 
done with sharp electrodes, the probability was in favour of recording the largest 
motoneurons (type F), although some studies intentionally sampled a wide range 
(Zengel et al. 1985). In other words, much of our early knowledge of motoneuron 
electrophysiological properties has been derived from a rather limited selection of 
these diverse neurons.

The advent of slice preparations and patch clamping led to the study of mem-
brane channels responsible for neuronal properties (Edwards et al. 1989; Dodt and 
Zieglgänsberger 1990; Sakmann and Neher 1984), which in turn led to the use of 
spinal cord slice preparations to study motoneuron properties (Takahashi 1978; 
Konishi and Otsuka 1974). Unfortunately, these studies have largely been confined 
to neonatal MNs, neurons that have properties that are still under development dur-
ing their critical period.
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2 � Passive Properties of Motoneurons and Elementary 
Cable Theory

As the “final common path” that functions to cause effective muscle contraction, the 
ultimate goal of a motoneuron is to fire trains of action potentials in response to 
synaptic inputs to its soma and extensive dendritic tree. These inputs must be inte-
grated to provide sustained depolarisation that is sufficient to initiate repetitive 
firing at a particular rate. In this section, we will look at the basic factors that govern 
this integration, which are the passive electrical properties of motoneurons: input 
resistance, whole cell capacitance, membrane time constant, and length constant. 
For a more thorough discussion of these properties and their contribution to integra-
tion, the reader is directed to Rall (2011).

The input resistance (RN) is usually measured by injecting small amounts of cur-
rent to cause voltage deflections that do not activate voltage-sensitive channels 
(Fig. 2a), and is calculated using Ohm’s law:

Fig. 2  Passive properties of an adult cat motoneuron. (a) Input resistance: Voltage response to 
current injection in slow (S), fast fatigue resistant (FR) and fast fatigable (FF) medial gastrocne-
mius motoneurons. (b) Time constant: Response recorded intracellularly to hyperpolarising cur-
rent injection, current in upper trace, voltage in lower trace. Voltage calibration pulse is 10 mV, 
1 ms. Arrow indicates transient analysed in c. (c) Slope vs time of voltage transient in b reveals 
more than one exponential. By subtracting the long exponential, a second linear component is 
revealed, showing the data can be approximated by the sum of two exponentials. The ratio of the 
two time constants is related to the electrotonic length of the dendritic tree. a is from Zengel et al. 
(1985), Fig. 3. (b and c) from Nelson and Lux (1970), Fig. 5d, 6
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where V is the voltage deflection produced by the current (I) injected.
There are several important factors that will impact these measurements:

	(a)	 Leak around the electrode, which is greater for sharp than patch electrodes – 
this can lead to an order of magnitude difference in measurement (Li 
et al. 2004a);

	(b)	 “state” during which the measurements are taken, e.g. in vitro vs in vivo, the 
type of anaesthesia, decerebration (see, for example, Kernell 1999); and

	(c)	 Intactness of the dendritic tree, which will be affected in slice preparations (typ-
ically sampled at 300–350 μm thick; Smith and Brownstone 2020), dispropor-
tionately affecting larger (e.g. more mature and/or faster) motoneurons. Juvenile 
mouse motoneuron dendrites can extend at least 0.5–1  mm from the soma 
(Leroy et al. 2014; Fukuda et al. 2020).

Furthermore, there is a high degree of biological variance between motoneurons, as 
small (type S) motoneurons have much higher input resistances than large (FF) 
motoneurons. These differences will also lead to systematic differences in measure-
ments between studies: for example, in vivo studies that “blindly” target motoneu-
rons will tend to bias towards the largest, lowest resistance motoneurons, and slice 
experiments generally tend to favour the smaller (S) motoneurons as they more 
readily survive in  vitro (Mitra and Brownstone (2012) reported a mean RN of 
123  MΩ for lumbar motoneurons in postnatal day (P)43+ slice preparations, 
whereas Smith and Brownstone (2020) reported a mean RN of 31 MΩ at P14–21). 
Nevertheless, we can make some general statements about input resistance: cat lum-
bar motoneurons (with sharp electrodes) range from 0.1 to 4 MΩ (Zengel et  al. 
1985), mouse motoneurons in vivo range from 1 to 12 MΩ (Meehan et al. 2010), 
and motoneurons from the mature (>P15) mouse lumbar spinal cord in slices (patch 
recordings) range from 2 to 200 MΩ (Smith and Brownstone 2020; Bhumbra and 
Beato 2018; Mitra and Brownstone 2012). These differences arise from the factors 
listed above.

Whole cell capacitance reflects the charge that the neuronal membrane can store, 
which depends on specific membrane capacity and membrane surface area. Since 
the former, a property of the lipid bilayer, is the same across all neurons, capaci-
tance measurements reflect the size of the neuron, or the amount of membrane area 
affected by the current pulse.

Whole cell capacitance (C) is calculated from measurements of membrane time 
constant, τ and input resistance, RN:

	 � � �R CN 	 (2)

The time constant can be measured by fitting an exponential to the decay of mem-
brane potential following a subthreshold pulse (Fig. 2b, c). The time course of a 
voltage change depends on τ such that at time t,
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where V0 is the initial voltage, and assuming that there is perfect space clamp (that 
is, that voltage is uniform throughout the cell). It can be seen that the time constant 
represents the time at which the voltage decays by 1/e, or to about 37% of the initial 
voltage. Typical measurements for capacitance and time constant are, respectively: 
1.5 to 15 nF and 3 to 15 ms for cat motoneurons, and 0.2 to 1 nF and 2 to 20 ms for 
mature mouse motoneurons.

It is important to consider the membrane time constant when examining integra-
tion of synaptic inputs: the shorter the time constant, the faster a depolarising poten-
tial will rise and decay, thus affecting temporal summation. Temporal summation, 
or the summation of EPSPs close to each other in time, depends largely on the decay 
time of the EPSPs as rise times are very fast (see Iansek and Redman 1973a). This 
decay is more dependent on the time constant of the synaptic conductance and/or 
the membrane time constant, whichever is greater. Efficient temporal summation 
requires a frequency of excitatory inputs that at least matches the time constant of 
EPSP decay. In FF MNs, which have membrane and AMPA receptor time constants 
in the range of 1–2  ms, proximal unitary EPSPs correspondingly decay rapidly 
(Burke 1967). This fast τ would thus minimise temporal summation in these neu-
rons, suggesting that close to concurrent excitatory inputs or activation of longer 
time constant synaptic conductances (such as those mediated by NMDA receptors) 
are needed for effective summation. But note also that temporal summation at a 
single location would at best be sublinear: the driving force for the second EPSP 
would be reduced, and the local conductance would be increased, both effects con-
tributing to sublinear summation.

The basic properties above are, in the first instance, particularly relevant for 
spherical neurons. But motoneurons have extensive dendritic trees, and thus other 
factors come into play. Wilfred Rall [1922–2018] applied cable theory to motoneu-
rons in order to put these factors together, so as to understand passive motoneuron 
properties and how they affect motoneuron integration. The strength of Rall’s work 
on cable theory was its close relationship with experimental neuroscience, each 
informing the other.

One example of the interaction of theory and experiment arose from the analysis 
of τ. When measuring τ as above, it can be seen – particularly when very brief cur-
rent pulses are delivered – that more than one exponential can be fit to the voltage 
decay (Fig. 2c). This multi-exponential decay results from a lack of space clamp: 
neurons are not spheres, and the current injected does not lead to a membrane that 
is isopotential throughout the dendritic tree. That is, there is voltage decay due to 
current flow both across the membrane and through the cell, along dendritic 
branches. This latter current flow is dependent on axial resistance, Ri, which in turn 
depends on cross-sectional area of the process in which the current flows.

The length constant, λ, is an indication of the decay of voltage along the length 
of dendrite, such that

Electrical Properties of Adult Mammalian Motoneurons
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where x is the distance along the dendrite from the voltage change V0. Thus, a volt-
age decays to 1/e (~37%) of its value at distance λ. In other words, the larger the 
length constant, the less decay of the voltage for any given length, and thus the more 
“effective” that voltage would be at a distance.

The length constant is dependent on the axial resistance and the membrane resis-
tance such that λ can be approximated by:

	
� � � �r rm i/
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or
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where rm is the resistance across a unit length of membrane (Ω-cm), ri is the axial 
resistance per unit length (Ω/cm), Rm is the membrane resistivity (resistance across 
a unit area of membrane, Ω-cm2), Ri is the intracellular resistivity (Ω/cm), and d is 
the diameter of the dendrite (cm).

While it is thus difficult to measure λ, it is possible to measure its consequences. 
That is, the dendritic tree can be thought of in terms of its electrotonic length, L, or 
the length of a dendrite (ℓ) in terms of the number of length constants:

	 L �  / � 	 (7)

L can be estimated by measuring the time constant of current spread within the 
neuron. By injecting a brief current pulse, two time constants can be peeled from the 
voltage decay (Nelson and Lux 1970; Rall 1967). The slowest τ (τ0 or τm) would 
reflect the membrane time constant, and the next slowest, τ1, and others (τ2 and 
theoretically beyond) the time constant of the cable(s), reflecting the equalisation of 
voltage through the neuron. The ratio of τ0/τ1 reflects L.  In cat motoneurons, 
L = 1.0–2.1 (mean 1.5; Iansek and Redman 1973a), indicating that the depolarisa-
tion in the soma would be about 22% (1/e1.5) of the voltage produced by an excit-
atory post-synaptic potential (EPSP) at the dendritic tip.

Understanding these principles has proven to be very useful in understanding 
motoneuron integration. For example, using cable theory and meticulous measure-
ments of cable properties in cat motoneurons, the shapes of EPSPs (rise times and 
half-widths) can be studied to reveal their location on the dendritic trees and the 
synaptic currents they produce there (Iansek and Redman 1973b). Doing so revealed 
that the quantal content of synapses on dendrites are far greater than those on somata.

Thus, in the soma, changes in voltage produced by synaptic inputs throughout 
the motoneuron are dependent on space and time, and can be expressed by this par-
tial differential equation of cable theory:

	 � � �2 2 2
0� � � � �V x V/ /� V t 	 (8)
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The time constant τ influences temporal summation, and the length constant λ influ-
ences spatial summation.

It may seem that cable theory is limited by the underlying assumption that den-
dritic membranes are passive. However, even so, cable theory is foundational for 
understanding how active dendrites contribute to motoneuron integration 
(see below).

3 � Motoneuron Transition Properties

Transition properties can be defined to include subthreshold voltage-gated conduc-
tances, as well as properties that influence single action potentials. These are the 
attributes that, while influenced by passive properties, are foundational for the ulti-
mate goal of motoneurons: producing repetitive spike trains.

�Sag and Post-inhibitory Rebound

A subthreshold phenomenon that can contribute to motoneuron recruitment is the sag 
potential. Sag potentials are seen when a rectangular hyperpolarising current is injected 
to produce a voltage response that after a delay (perhaps ~100 ms; Bayliss et al. 1994) 
starts to return (rectify) towards resting potential. Upon cessation of the hyperpolarisa-
tion, this slow inward current that has been activated causes the membrane voltage to 
rebound beyond rest, producing post-inhibitory rebound (PIR). The PIR is character-
ised by ‘over-rectification’ following inhibitory input, producing a depolarising 
‘hump’. Voltage clamp studies have shown that conductances mediating sag potentials 
(Ih) are non-specific cation conductances carried by a family of hyperpolarisation-
activated cyclic nucleotide-gated channels (HCN; Zemankovics et al. 2010).

There is evidence that Ih can be modulated by monoaminergic inputs, and thus 
can contribute to motoneuron activity in a state-dependent manner (Takahashi and 
Berger 1990; Larkman and Kelly 1992). Activation of Ih during the hyperpolarised 
phase of the locomotor cycle may also contribute to PIR-induced firing to assist in 
initiating the active phase of the step cycle (Bertrand and Cazalets 1998; Hochman 
et al. 1994). Of note, as well as HCN-mediated Ih, a calcium current carried by low 
voltage-activated Ca2+ (CaV3) channels can contribute to PIR (Canto-Bustos 
et al. 2014).

�Rheobase

When depolarisation of the axon initial segment is sufficient such that it reaches 
threshold, an action potential is initiated. The minimum current needed for this to 
occur, rheobase, depends on the passive properties of the motoneuron (see above), 
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in particular RN. Thus, smaller S-type motoneurons with higher RN have lower rheo-
base currents than the larger, lower RN FR and FF motoneurons.

In 1957, Henneman described the “size principle,” in which motoneurons are 
recruited by synaptic inputs in order from the smallest to the largest size (Henneman 
1957). This “orderly recruitment” of motoneurons in response to stimulation of 
spindle primary afferents fits with the distribution of rheobase currents across dif-
ferent motoneuron types. That is, given that each primary afferent projects to every 
motoneuron in its pool (at least in the adult cat; Baldissera et al. 1981), then if syn-
aptic transmission at the fibre terminals produces approximately an equivalent syn-
aptic current, higher currents (produced by increasing stimulation) would be 
necessary to recruit the higher rheobase, larger motoneurons. These neurons would 
thereby only be recruited in response to afferent activity greater than would activate 
the lower rheobase, smaller motoneurons.

�Action Potential Characteristics

Changes to spike frequency and spike timing are influenced by changes in motoneu-
ron action potential morphology (Fig. 3a). As all-or-none phenomena, action poten-
tials, regardless of neuron type, have the same phases: threshold, depolarisation 
(rising), repolarisation (falling), fast after hyperpolarisation (fAHP), after depolari-
sation (ADP), and medium after hyperpolarisation (mAHP, Fig. 3a). However, due 
to the relative expression of constitutive ion channels, the duration and/or amplitude 
of these phases varies between neurons.

�Threshold and Rising Phase

The voltage threshold is the voltage at which an action potential is generated; this 
voltage can change over time and with behaviour. When the membrane potential 
reaches threshold, voltage-gated sodium channels are activated, initiating a rapid 
depolarisation of the membrane potential constituting the rising phase of the spike, 
which usually results in an overshoot greater than 0 mV (Barrett and Crill 1980). 
Given the reliance of the spike on sodium channel availability, an increase in the 
proportion of inactivated channels will depolarise the voltage threshold. Therefore, 
the voltage threshold in response to slow depolarisations is less negative than fol-
lowing rapid depolarisations.

Initial assessments of motoneuron action potentials were done in cats and 
described 2 distinct ‘spike potentials: an ‘A’ and a ‘B’ spike (Brock et  al. 1951; 
Fuortes et al. 1957). The small spike is an initial depolarisation to an inflection point 
followed by a rapid depolarisation to peak. An elegant set of experiments by Coombs 
et al. (1957) showed that the size of the A and B spikes change relative to the posi-
tion of the microelectrode between the soma-dendritic (SD) compartment and the 
axon initial segment (IS). When the electrode penetrates close to the initial axon 
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Fig. 3  Motoneuron action potential characteristics and generation. (a) Each phase of the action 
potential identified by arrows with a sampling of associated conductances indicated. (b) Schematic 
illustrating motoneuron proximal morphology and highlighting the axon initial segment, where 
spikes are generated. (c) Traces showing initial segment (IS) and somato-dendritic (SD) spikes. 
The top trace is the membrane potential and shows several large and small spikes evoked by either 
intracellular current injection (bottom trace, after 1 ms) or antidromic activation via peripheral 
nerve stimulation (artefact on top trace, after ~3.7 ms). Depolarising current pulses evoked high 
amplitude spikes, which represent SD spikes. When depolarising pulses are followed by a brief 
hyperpolarising pulse, the SD spike is inhibited and reveals the IS spike. When “intermediate 
sized” hyperpolarising pulses at threshold for suppression preceded antidromic stimulation, either 
IS or IS-SD spikes were evoked. (a) was adapted from Nordstrom et al. (2007), Fig. 1. (b) is from 
Li et al. (2004b), Fig. 2b, and (c) is from Coombs et al. (1957), Fig. 11f

segment (Fig. 3b), the A spike is larger than the B spike, whereas if well into the 
soma, the B spike is larger. Ultimately, this led to the adoption of the more specific 
nomenclature, with the early phase called the IS spike and the later the SD spike 
(Fig. 3c). Because the IS spike has a lower threshold and precedes the SD, it was 
concluded that action potentials are initiated in the axon IS.

The high excitability of the initial segment is due to the differential expression of 
ion channels, acquired during early embryogenesis (Le Bras et  al. 2014). The 
boundaries of the IS are clearly defined by expression of the scaffolding protein 
ankyrin G (AnkG), which is crucial for assembly of the IS. The motoneuron IS 
expresses 2 main sodium channels, NaV1.6 which is expressed throughout the IS, 
and NaV 1.1 expressed at the axon hillock (Duflocq et al. 2008, 2011). A variety of 
potassium channels (KV7.2, KV1.1, KV1.2 and KVβ2) are also expressed in the IS, 
ensuring a fast repolarisation of the membrane potential at this site (Garrido et al. 
2003; Pan et al. 2006; Lorincz and Nusser 2008).

While many factors influence threshold, motoneuron type does not. Although 
threshold varies between motoneurons, there is no systematic difference in voltage 
threshold between fast and slow motoneurons, or between those from cervical and 
lumbar cord (Pinter et al. 1983; Smith and Brownstone 2020). Thus it is unlikely 
that threshold contributes to orderly recruitment of the size principle 
(Henneman 1957).
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There is evidence that the voltage threshold of motoneurons is state-dependent, 
and thus likely subject to neuromodulatory control. During fictive locomotion in the 
cat, voltage threshold is hyperpolarised in relation to the control threshold (Krawitz 
et al. 2001). Therefore, modulation of this property is likely another tool available 
to the nervous system for regulating motor output.

�Repolarisation Phase and fAHP

There is a greater diversity of ion channels contributing to the falling compared to 
the rising phase of the action potential. These include voltage activated delayed 
rectifier potassium channels, rapidly inactivating potassium channels, and small 
conductance calcium-dependent potassium (SK) channels (Sah and McLachlan 
1992; Schwindt and Crill 1981; Barrett and Barret 1976). Action potentials tend to 
be wider in slow motoneurons compared to fast (Krutki et al. 2017), suggesting dif-
ferential expression of the channels involved in the falling phase.

The fast after hyperpolarisation (ƒAHP) marks the end of the action potential 
and is largely determined by the same currents responsible for the repolarisation 
phase of the AP. The amplitude and duration of the ƒAHP varies with motoneuron 
type and species as it is quite prominent in smaller animals such as frogs (Barrett 
and Barret 1976), toads (Araki and Otani 1955), turtles (Hounsgaard et al. 1988b), 
and rodents, but less so in the cat. The trough voltage of the fAHP was found to 
be very constant regardless of how the spike was initiated (Kolmodin and 
Skoglund 1958), and is thought to represent a high conductance state due to the 
delayed rectifier potassium conductances (Krnjević et  al. 1978; Nelson and 
Burke 1967).

�Afterdepolarisation

Motoneuron action potentials may have a short depolarisation phase immediately 
following the ƒAHP, called the afterdepolarisation (ADP; Granit et  al. 1963b; 
Kernell 1964). The ADP is thought to be dependent upon voltage-gated Ca2+ chan-
nels as it can be blocked by cadmium and enhanced by increasing extracellular Ca2+ 
concentrations (Kobayashi et al. 1997).

A prominent ADP can reach threshold and promote high frequency spike dou-
blets or triplets at the start of an action potential train (Spielmann et al. 1993). These 
“additional” spikes that ride upon the ADP of the initial action potential were 
described as defining ‘the catch property’ of motoneurons by Burke et al. (1970). 
The group showed that while stimulating a motoneuron to produce a spike train, a 
single extra stimulus with an interval of <10  ms added to the start of the train 
increased the rate of force generation and induced long lasting enhancement of ten-
sion in the innervated muscle. Stein and Parmiggiani (1979) used extracellular stim-
ulation to confirm that high initial frequencies followed by slower spiking is the 
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most efficient for muscle force generation (Garland and Griffin 1999; Parmiggiani 
and Stein 1981). Thus, the ADP promotes high initial firing frequencies in motoneu-
ron spike trains, thereby enhancing rate and magnitude of force generation. 
Interestingly, slow motoneurons tend to express greater amplitude ADPs and are 
therefore more likely to produce doublets than fast motoneurons (Spielmann 
et al. 1993).

�Medium Afterhyperpolarisation

From the very first intracellular recordings from motoneurons it was noticed that the 
AHP was responsible for the refractory period and therefore regulated firing fre-
quency (Brock et al. 1951). It is now well established that the medium afterhyper-
polarisation (mAHP) amplitude and duration correlate inversely with motoneuron 
size (Eccles et al. 1958). Slower motoneurons have a larger amplitude, longer dura-
tion mAHP compared to fast motoneurons and fire at lower frequencies. The major-
ity of the mAHP current is carried by SK channels, which can be selectively blocked 
by apamin (Kobayashi et al. 1997; Zhang and Krnjević 1987). As might be expected 
by the different characteristics of the mAHP in slow vs fast motoneurons, SK chan-
nel expression also differs between the 2 types (Deardorff et al. 2013). There are 
several different SK isoforms, but only SK2 and 3 have been identified in motoneu-
rons to date. SK2 is expressed by all motoneurons, but the expression of SK3 chan-
nels is lower or absent in fast motoneurons, and dominates in slow motoneurons 
(Deardorff et al. 2013). It is thus likely the SK3 channels that are responsible for the 
larger mAHP.

The source of calcium that leads to SK channel activation is unknown, but 
several studies have shown that CaV2 (N and P/Q type Ca2+) channels are necessary 
for generation of the mAHP (Li and Bennett 2007; Bayliss et al. 1995; Umemiya 
and Berger 1994). Given the clustering of SK channels at C-bouton synapses and 
their proximity to Ca2+ stores in the subsurface cisternae (see below), it is possible 
that local intracellular Ca2+ release also contributes to SK channel activation and the 
mAHP. The mAHP is the target of modulatory inputs to motoneurons, with reduc-
tions in the mAHP amplitude/duration leading to significant increases in excitability 
as determined by the ƒ-I relationship. During locomotor activity, the mAHP is 
reduced and high frequency firing ensues (Brownstone et al. 1992).

4 � Repetitive Firing Properties of Motoneurons

Ultimately, it is the role of a motoneuron to translate synaptic inputs into repetitive 
spike trains at a frequency appropriate to produce the contraction of its innervated 
muscle fibres required for a given task. Motoneurons fire action potentials repeti-
tively in response to repetitive (Eccles and Hoff 1932) or sustained input (Barron 
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and Matthews 1938), with a positive relationship between the frequency of output 
and the magnitude of current input. This frequency-current (ƒ-I) relationship 
(Fig.  4a) has been extensively studied to quantify motoneuron excitability using 
both sustained rectangular current pulses and slow triangular ramps (Fig. 4b).

Between 2 and 4 different ‘ranges’ of firing have been demarcated, largely in 
studies of cat motoneurons, by changes in the slope of the ƒ-I curve (Fig. 4a, b). The 
two main ranges have been designated as the primary and secondary ranges (Granit 
et al. 1966a, b), with a tertiary range (Schwindt 1973) sometimes seen. In addition, 
a sub-primary range (Manuel et al. 2009; Jensen et al. 2018), thought to be related 
to mixed mode membrane oscillations (high frequency, sub-threshold membrane 
potential oscillations) has also been identified in some conditions in mouse moto-
neurons (Iglesias et al. 2011; Fig. 4c, d).

Each of the ranges is more-or-less linear. In cat motoneurons, the primary range 
is characterised by a relatively low ƒ-I slope, with transitions to the secondary range 
seen by a sharp increase in slope (Granit et al. 1966a, b). A third segment, the ter-
tiary range, is usually demarcated by a sudden reduction in ƒ-I slope (to below that 
of the primary range), although in some motoneurons it has the steepest slope 
(Schwindt 1973). In mouse motoneurons, the secondary range, if present, typically 
has a lower slope than the primary range. Possible mechanisms underlying this 
transition are discussed below (Persistent inward currents).

To understand how different ranges of the ƒ-I relationship relate to force genera-
tion in the muscle, it is important to consider the contractile properties of the muscle 
fibres innervated. Motoneuron firing frequency is tuned to the force output of the 
muscle fibre innervated, with increases in frequency resulting in repetitive twitch 
contractions that summate. As firing frequency increases, the twitch contractions 
fuse until maximum force is generated, at which point further increases in spike 
frequency are superfluous. This relationship can be seen by the sigmoid shape of the 
relationship between tension and stimulation frequency (Kernell 1983; Cooper and 
Eccles 1930).

Contraction properties differ in different muscle fibre types; motoneuron proper-
ties are tuned to the muscle fibre types they innervate, and thus their firing frequen-
cies differ. For example, the firing frequency at which maximum tetanic force is 
produced will differ depending not only on the motor unit assessed, but also the 
species (smaller animals have faster equivalent motor units). Our understanding of 
the relationship between motoneuron firing frequency and muscle force production 
comes mainly from studies in cats (Kernell 2006). However, contemporary studies 
of motor unit physiology use rodent models, particularly the mouse. The maximum 
muscle force output in rats, for example, is generally achieved at the start of the 
primary or early secondary range of motoneuron firing (Turkin et al. 2010), and in 
anaesthetised mice, there is evidence to suggest that near maximal force can be 
generated by sub-primary range firing (Manuel and Heckman 2011). It is unclear 
why, at least in smaller mammals, motoneuron firing ranges exceed the contractile 
force capabilities of the muscles they innervate.
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Fig. 4  Repetitive firing patterns in motoneurons. (a) Frequency-current plot schematic. The pri-
mary, secondary and tertiary ranges (solid lines) are labelled and the sub-primary range is the 
dashed line. (b) Voltage trace (middle) during current clamp experiment in an adult rat motoneuron 
shows firing in response to a triangular current ramp (lower trace). The top trace is a plot showing 
the instantaneous firing frequencies during the primary (P), secondary (S) and tertiary (T) ranges. 
(c) Similar layout as b showing the sub-primary (SP) and primary (P) ranges in an adult mouse 
motoneuron. (d) Irregular adult mouse motoneuron firing produced in sub-primary range due to 
mixed mode oscillations (upper trace). Firing in primary range is regular (lower trace). Spikes 
truncated for illustrative purposes. (a) adapted from Heckman et al. (2005), Fig. 1b. (b) adapted 
from Jensen et al. (2020), Fig. 6A. (c) from Manuel et al. (2009), Fig. 8b1. (d) from Iglesias et al. 
(2011), Fig. 1b1

�Spike Frequency Adaptation

When long supra-threshold rectangular currents are injected into a motoneuron, 
inter-spike-intervals (ISI) become longer over the duration of the pulse (Fig. 5a). 
This slowing of instantaneous spike frequency is termed spike frequency adaptation 
(SFA). There are 2 main phases of spike frequency adaptation. Early SFA represents 
the slowing of spike frequency over the first hundreds of milliseconds (Granit et al. 
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Fig. 5  Spike frequency adaptation and mAHP summation. (a) Firing rate in an adult rat hypoglos-
sal motoneuron over the course of a 60s injected current pulse showing the initial frequency (fI, 
blue), subsequent exponential decline (ft, green) and slow decline (ff, red) to final frequency, repre-
senting immediate (or initial), early, and late SFA. (b) 200 ms expanded samples of spiking show 
initial (first trace), early (second trace) and late (third-fourth traces) SFA. (c) AHP summation in 
an adult cat motoneuron. Top panel: AHP after single antidromic spike. Middle panel: no change 
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1963a; Kernell 1965), whereas late SFA occurs over many seconds to minutes 
(Kernell and Monster 1982; Fig. 5a, b). In addition, a third, earlier phase over a few 
spikes has been referred to as “immediate” SFA (Brownstone 2006). This phase 
results from the initial high instantaneous frequencies of initial doublets (see ADP 
section above), with subsequent intervals governed by the AHP (Sawczuk et  al. 
1995). SFA is more prominent in type F than type S motoneurons (Kernell 1972; 
Spielmann et al. 1993; Button et al. 2006).

Initially, early SFA was thought to arise from mAHP summation: the mAHP 
conductance is longer-lasting than the interspike interval, and would thus summate 
with that of the mAHP of the subsequent spike, leading to greater afterhyperpolari-
sation and a longer interspike interval (Fig. 5c; Ito and Oshima 1962; Baldissera and 
Gustafsson, 1971, 1974b). This concept was supported by computational studies 
(Baldissera and Gustafsson 1971, 1974a, b; Baldissera et  al. 1978; Kernell and 
Sjöholm 1973; Kernell 1968, 1972).

On the other hand, it became clear that the mAHP was not completely responsible 
for SFA. Blocking calcium influx did not completely abolish early SFA (infact, it 
enhanced late SFA; Powers et al. 1999). These studies led to the suggestion that 
there are a number of potential mechanisms underlying SFA, including slow inacti-
vation of sodium conductances and recruitment of other outward currents, such as 
an M-current (Powers et al. 1999). Further support for other mechanisms was found 
when blocking the AHP (SK) conductance in embryonic stem cell derived moto-
neurons did not alter early SFA (Miles et al. 2004). On noting that action potential 
amplitude progressively decreased, and duration increased throughout the spike 
train – both effects consistent with sodium channel inactivation – the time course of 
inactivation of Na+ channels was studied and a slow component found, correlating 
with SFA (Fig. 5d; Miles et al. 2005). Furthermore, when incorporated into a com-
putational model, the experimentally-determined slow inactivation parameters were 
sufficient to produce SFA (Miles et al. 2005). Thus, mechanisms underlying early 
SFA are likely multifactorial, with a slow time constant of sodium channel inactiva-
tion playing a significant role.

Late SFA, spanning seconds to minutes, is seen whether motoneurons are stimu-
lated by continuous or repetitive stimulation (Stein and Parmiggiani 1979), and 
whether they are stimulated intracellularly (Kernell and Monster 1982) or extracel-
lularly (Spielmann et  al. 1993), suggesting that it is not an artefact produced by 
penetrating the membrane. The mechanisms contributing to late SFA are not clear, 
however slow inactivation of sodium channels is thought to contribute here as well 
(Brownstone 2006; Chen et al. 2006).

Fig 5  (continued) when a second spike fails to invade the soma. Lower panel: larger (summated) 
AHP when SD spike is elicited. In each panel, upper trace is amplification of lower trace. (d) Time 
course of recovery from sodium channel inactivation shown in a juvenile (P8–14) mouse motoneu-
ron using a two pulse protocol. Note the (at least) double exponential of the recovery that parallels 
the phases of SFA. (a and b) Adapted from Sawczuk et al. (1995), Fig. 1. (c) from Ito and Oshima 
(1962), Fig. 1a–c. (d) from Miles et al. (2005), Fig. 5b
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What are the functional consequences of SFA? On one hand, sustained high fre-
quency firing is not necessary for optimal muscle contraction (Bigland-Ritchie et al. 
1983a, b), and may even be detrimental to both the motoneuron and muscle fibre 
health (Vrbova 1983). Therefore, SFA could serve to protect motor units from 
excessive activation and subsequent damage. On the other hand, theories of motor 
unit rate coding suggest that SFA is a central mechanism contributing to motor 
fatigue (Kernell and Monster 1982; Gandevia 2001; Nordstrom et al. 2007). In this 
light, it is interesting that late SFA is reversed during fictive locomotion in cats and 
the reversal lasts even after the locomotor bout has finished, suggesting that it may 
be reversed by state dependent neuromodulatory inputs (Brownstone et al. 2011). If 
SFA does contribute to motor fatigue, a neuromodulatory system capable of supress-
ing SFA would certainly be useful.

In summary, both early and late SFA represent fundamental characteristics of 
motoneuron repetitive firing and force control but their precise role in motor control 
remains unknown.

5 � Modulation of Motoneuron Properties

Over the past several decades, it has become increasingly clear that motoneuron 
properties are not static, and that they can be modulated in a task-specific manner. 
While it is useful to study motoneuron properties in controlled, “quiescent,” condi-
tions to understand their basic properties and fundamental firing characteristics, 
these conditions do not reflect the state of motoneurons during behaviour when they 
are receiving both ionotropic and metabotropic (neuromodulatory) inputs.

We consider two main categories of modulation of motoneuron output: (a) out-
put modulation, in which frequency of firing of the motoneuron in response to any 
given input is increased (i.e. agnostic to the specifics of the inputs), and (b) input 
modulation, which serves to alter the magnitude or duration of synaptic inputs 
received by the motoneuron. Thus, in broad terms, output modulation occurs at the 
soma, and in the case of motoneurons can be mediated by C-bouton synapses, and 
input modulation occurs at the dendrites and is often observed as persistent inward 
currents (PICs). Below we describe two best studied systems that contribute to out-
put and input modulation of motoneuron activity.

�Somatic Output Amplification: C-Bouton Synapses

C-boutons were first characterised anatomically as large synapses in apposition to 
α-motoneuron somata. They were named C-type boutons, or C-boutons, for the 
specialised endoplasmic reticulum, called sub surface cisternae (SSC), seen in prox-
imity to the postsynaptic plasma membrane (Conradi 1969). C-boutons were later 
found to contain acetylcholine (Nagy et al. 1993). C-boutons were found to arise 
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from medial partition neurons, just lateral to the central canal (Miles et al. 2007), 
and identified as V0C interneurons that express the transcription factor Paired-like 
homeodomain 2 (Pitx2; Zagoraiou et al. 2009). Here, we consider C-bouton circuits 
to be output modulators as they alter the biophysical properties of motoneurons to 
increase excitability and thus frequency of firing.

V0C interneurons are active during fictive locomotion in neonatal spinal cord 
preparations (Nascimento et al. 2020; Zagoraiou et al. 2009) and appear to modu-
late fictive locomotor motoneuron bursting. However, in adult behaving mice, knock 
down of C-bouton transmission has no observed effect on over-ground locomotion 
(Zagoraiou et al. 2009). To date, the only behavioural deficit observed following 
C-bouton knock out is reduced EMG amplification between walking and swimming 
(Landoni et  al. 2019; Zagoraiou et  al. 2009), suggesting that C-boutons amplify 
motor output in a task-dependent manner. In other words, it is likely that C-boutons 
are important for high force output tasks, of which swimming is one example.

Acetylcholine released by V0C interneurons at C-bouton terminals binds to type 
2 muscarinic acetylcholine receptors (M2Rs), which form dense aggregations span-
ning the apposing postsynaptic membrane (Hellström et al. 2003; Deardorff et al. 
2013, 2014). Activation of M2Rs leads to an increase in motoneuron excitability 
(increased slope of f-I relationship, Miles et al. 2007), thought to be mediated via a 
number of factors at the complex postsynaptic domain. Studies from many labs 
have contributed to our understanding of the diversity of proteins associated with 
the post-synaptic site of C-bouton synapses (Fig. 6). These include: M2Rs (Hellström 
et  al. 2003), SK2, SK3 (Deardorff et  al. 2013) and KV2.1 potassium channels 
(Muennich and Fyffe 2004), Sigma1 receptors (Mavlyutov et al. 2010), neuregu-
lin-1 (Gallart-Palau et al. 2014), and TMEM16F (Soulard et al. 2020). It has been 
challenging to determine the role of each of these proteins in C-bouton physiology.

C-boutons are found on all limb innervating α- but not γ-motoneurons (Lagerbäck 
et al. 1986). A series of papers using electron microscopy to study the synaptology 
of fast and slow motoneurons (identified by intracellular recording of properties) in 
cats showed a relatively lower density of C-boutons on slow compared to fast moto-
neurons (Kellerth et al. 1979, 1983; Conradi et al. 1979). Furthermore, on fast moto-
neurons C-boutons organise into clusters around the dendritic roots and can be 
found on the axon hillock, whereas on slow motoneurons they tend to be restricted 
to the soma. The functional relevance of this organisational discrepancy is not clear.

�SK Channels

Motoneurons express at least 2 types of SK channels that are responsible for the 
mAHP (see above). SK2 and SK3 channels are clustered post-synaptically to 
C-boutons but in different proportions in fast and slow motoneurons: all motoneu-
rons express SK2 but smaller, slow type motoneurons express a higher level of SK3 
(Deardorff et al. 2013). Based on the correlation between AHP amplitude and SK3 
expression, this finding may explain the larger amplitude, longer duration mAHP in 
slow motoneurons (Zhang and Krnjević 1987; Hounsgaard and Mintz 1988). 
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Fig. 6  C bouton organisation and hypothesised function. Presynaptic C-boutons release ACh 
which binds to M2 G-protein coupled receptors located in the motoneuron plasma membrane. 
Clustered together with M2 receptors are NRG1 proteins, SK2/3 and KV2.1 potassium channels, 
and the chloride channel TMEM16F. Note that all channels post-synaptic to C boutons are calcium-
dependent. KV2.1 cycles between 2 states. During low activity, where intracellular Ca2+ is low, 
KV2.1 channels are phosphorylated (P) and coalesce into large clusters, which are in a low or non-
conducting state. With increasing activity leading to increases in intracellular Ca2+, KV2.1 is 
dephosphorylated and declustered, lowering its activation threshold and increasing K+ conduc-
tance. SK2/3 and TMEM16F are activated by Ca2+ during high activity states. Just below the cell 
surface are the sub-surface cisterns (SSC), which are Ca2+ stores. Sigma-1 receptors and NRG1 
proteins are primarily in the SSC membrane. M2 G-protein coupled receptor configurations is 
adapted Santiago and Abrol (2019), Fig. 1

Activation of M2Rs using pharmacological agonists in neonatal mouse spinal cord 
preparations reduces the mAHP, suggesting that the increase in ƒ-I slope results 
from C-bouton-mediated reduction of SK conductance (Miles et al. 2007), either 
directly or indirectly (for example by reducing local calcium availability). It is not 
yet clear whether the source of local calcium is transmembrane, for example via 
CaV2-type Ca2+ currents (Li and Bennett 2007; Viana et al. 1993), or from an intra-
cellular store like the adjacent SSC. In other neurons, ryanodine receptors have been 
found on SSC membranes and contribute to calcium induced calcium release 
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(Mandikian et al. 2014; Berridge 1998), but there is no evidence for their existence 
in motoneuronal SSC.

�KV2.1 Channels

KV2 channels are delayed rectifier potassium channels that are widely expressed 
throughout the nervous system, contributing to the regulation of neuronal excitabil-
ity (Misonou et al. 2005b; Du et al. 2000; Kihira et al. 2010). This family of voltage-
gated potassium channels has 2 main isoforms, KV2.1 and KV2.2, that share many 
electrical properties. Likely due to a cloning artefact (see Kihira et al. 2010), KV2.2 
was initially thought to be restricted to distal dendritic compartments (Hwang et al. 
1993), leaving KV2.1 as the more studied isoform (Johnson et al. 2019).

In motoneurons, large clusters of KV2.1 channels were discovered years ago 
(Muennich and Fyffe 2004), and are considered to be the main Kv2 isoform in these 
neurons (Deardorff et al. 2021; Romer et al. 2019). However, there is evidence that 
Kv2.2 is also expressed (Fletcher et al. 2017; Burger and Ribera 1996), although the 
exact membrane localisation and function has not been studied. Therefore, for the 
purposes of this chapter, we will focus on the Kv2.1 isoform.

Motoneuron KV2.1 channels form large clusters at C-boutons, but their role in 
C-bouton physiology remains unclear (Muennich and Fyffe 2004). In the brain, due 
to the conductance’s relatively slow activation/inactivation kinetics, KV2.1 contrib-
utes significantly to the repolarisation of slow spiking neurons with broad action 
potentials (Liu and Bean 2014), but only minimally in faster spiking neurons (Guan 
et al. 2013; Du et al. 2000). On the other hand, KV2.1 contributes to repetitive firing 
in all neuronal types studied, including motoneurons. All studies assessing KV2.1 
function in motoneurons so far use juvenile or neonatal in vitro preparations, before 
channels are fully clustered (Wilson et al. 2004), and none distinguishes between 
motoneuron type (e.g. fast vs. slow). A common finding is that inhibiting KV2.1 
channels with either Guangxitoxin 1-E (Fletcher et  al. 2017; Nascimento et  al. 
2020) or stromatoxin (Romer et al. 2019) has no effect on the passive membrane 
properties of motoneurons. C-bouton-mediated increases in excitability are thought 
to be dependent on KV2.1 channels (Nascimento et al. 2020), which may help to 
prevent gradual depolarisation of the interspike membrane voltage with repetitive 
firing, thereby reducing the depolarising block of sodium channels (Romer 
et al. 2019).

An interesting feature of KV2.1 channels is that their state of clustering is depen-
dent upon phosphorylation, which is regulated by Ca2+/calcineurin dependent sig-
nalling mechanisms (Misonou et al. 2005a). In their clustered state, KV2.1 channels 
either have higher activation thresholds (Murakoshi et  al. 1997) and/or are non-
conducting (Fox et al. 2013) – both effects decreasing potassium flux. An increase 
in neuronal activity and therefore calcium results in dephosphorylation of KV2.1 
channels, which increases their conductance by reducing activation threshold. One 
theory for KV2.1 function in motoneurons is that C-boutons may act to inhibit local 
calcium activity, thus maintaining KV2.1 clustering and maintaining basal rates of 
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potassium conductance (Romer et  al. 2019). This would be sufficient to support 
high frequency firing by preventing depolarising block (Liu and Bean 2014; 
Nascimento et al. 2020; Romer et al. 2019). But in states of high frequency firing, 
increased intracellular calcium would de-cluster KV2.1 channels, thereby reducing 
their activation threshold and thus homeostatically reduce firing frequency (Romer 
et  al. 2019). However, we do not yet fully appreciate how KV2.1 clustering at 
C-bouton synapses contributes to the modulatory role of these synapses.

�Other Proteins Located at C-Bouton Synapses

There is even less understanding of the function of other proteins at this site. 
Transmembrane protein 16F (TMEM16F) was found to be responsible for a Ca2+ 
activated Cl− current in cultured motoneurons, contributing to lowering recruitment 
thresholds of fast motoneurons in neonatal slice preparations. TMEM16F knockout 
mice had reduced maximum speed and endurance capacity during a treadmill running 
task, suggesting that they may be involved in C-bouton amplification of motor output.

Neuregulin 1 (NRG1) is also located post-synaptically at the SSC (Casanovas 
et al. 2017; Gallart-Palau et al. 2014; Issa et al. 2010). The function of NRG1 is 
poorly understood, but it may play a role in synaptic retrograde communication 
(Mòdol-Caballero et al. 2018) or in maintaining protein clustering at the synapse. 
Also located at the SSC are sigma-1 receptors (Mavlyutov et al. 2010, 2012) and 
their ligand Indole-N-methyl transferase (INMT), but there is little knowledge on 
the roles these proteins may play in C-bouton function.

In contrast to the lower density of SK3 on fast motoneurons (Deardorff et al. 
2013), these neurons express the KV2.1 β-subunit KCNG4 whereas slow motoneu-
rons do not (Müller et al. 2014). The density of NRG1 clusters is higher in tibialis 
anterior motoneurons (fast) compared to soleus (slow), but the cluster size was 
larger in soleus (Casanovas et al. 2017). While the implications of these differences 
are not known, they emphasise the importance of studying known motoneuron types 
in order to provide further understanding of C-bouton function.

�C-Boutons and Intracellular Calcium Signalling

C-boutons form complex synapses, with more localised proteins being discovered 
before the function of those previously known are understood. However, it is clear 
that Ca2+ is a key player in C-bouton function. To date, four Ca2+-dependent ion chan-
nels (SK2, SK3, KV2.1, and TMEM16F) have been identified, and SSC Ca2+ stores 
are located in close proximity. Future work aimed at characterising local Ca2+ fluxes 
during M2 receptor activation will undoubtedly provide insight into the intracellular 
signalling cascades underlying C-bouton mediated amplification of motor output.
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�Dendritic Input Amplification: Persistent Inward Currents

In 1975, Hultborn and colleagues demonstrated that, in response to brief trains of 
low threshold sensory afferent stimulation, cat motoneurons can produce “long 
latency prolonged activity”, as shown in EMG and tension recordings (Hultborn 
et  al. 1975). They proposed that this persistent activity could be due to a spinal 
interneuron circuit creating a reverberating excitatory loop. Schwindt and Crill 
(1977), using voltage clamp recordings in cat motoneurons, showed that these neu-
rons had non-inactivating “N-shaped” current-voltage relationships, and that this 
property reflects a persistent net inward current (PIC, Fig. 7a–c). The group later 
suggested that PICs were generated “on or near the soma”, and were mediated by 
calcium conductances (Schwindt and Crill 1980b, c, 1981). Following the 
Copenhagen group’s demonstration of motoneuron plateau potentials and bistabil-
ity produced by PICs (see section “Dendritic input amplification: persistent inward 
currents”; Hounsgaard et al. 1988a; Crone et al. 1988), and the implications of this 
activity for motor control, work spread to many labs and PICs have since been 
well-studied.

Persistent inward currents were initially thought to be produced solely by 
dihydropyridine-sensitive, non-inactivating calcium currents mediated by CaV1 
(likely CaV1.3) channels (Perrier and Hounsgaard 2003; Hounsgaard and Kiehn 
1985, 1993; Carlin et al. 2000). It was later demonstrated that persistent sodium 
currents (INaP; likely Nav1.1 and 1.6; Schwindt and Crill 1980a; Li and Bennett 
2003) contribute to repetitive firing as well (Miles et al. 2005). That is, PICs are 
mediated by a combination of persistent sodium and calcium currents, and are mod-
ulated by metabotropic inputs (Li and Bennett 2003; Lee and Heckman 1999; 
Hounsgaard and Kiehn 1985; See Binder et al. 2020 for review).

There is now little doubt that PICs are generated primarily in motoneuron den-
drites (Fig. 7c; Carlin et al. 2000, although it is possible that cooperative clustering 
of CaV1 channels on the soma contributes, Moreno et  al. 2016). Having active 
conductances in the dendrites near the sites of synaptic inputs to motoneurons 
means that dendrites are not passive cables and, furthermore, provides a wide-
spread substrate such that the responses to synaptic inputs can be modulated.

�Modulation of PICs: Neurotransmitter Systems

It was initially curious that PICs or their effects had not been noted in the first 
decades of investigations of motoneuron properties. The likely reason for this “blind 
spot” was that motoneurons were usually investigated in anaesthetised preparations, 
and PICs are state-dependent, relying on modulatory inputs that are depressed by 
anaesthesia (Hounsgaard et  al. 1986; Button et  al. 2006). PICs are activated by 
monoaminergic, metabotropic neuromodulators, with the level of activation setting 
the degree of modulatory drive. The main source of these modulatory inputs are 
brain stem nuclei: raphe nuclei for serotonin (5HT; Conway et al. 1988; Hounsgaard 
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et al. 1988a; Alvarez et al. 1998), and the locus coeruleus for noradrenalin (NA; 
Björklund and Skagerberg 1982; Giroux et al. 1999; Conway et al. 1988). This is in 
contrast to output modulation by C-boutons, which is regulated by the evolution-
arily older spinal cord. Not only are these systems depressed during anaesthesia, but 
they are modulated during changes in organismal state, increasing during wake as 
compared to sleep (Aston-Jones et al. 2000; Jacobs et al. 2002), and behavioural 
state, increasing during locomotion (Veasey et al. 1995). That is, these brain stem 
nuclei regulate PICs and thus dendritic integration in a state-dependent manner.

�PICs, Repetitive Firing, and Synaptic Amplification

A key finding that led to our understanding of PICs arose from voltage clamp exper-
iments in cats, in which N-shaped current-voltage (I–V) relations were found. The 
region of negative slope conductance in an N-shaped I–V relation is by definition 
unstable. But where the “N” crosses the abscissa with a positive slope (which can be 
at two different voltages depending on its position), the membrane potential will be 
stable – any small deviations will be counteracted by currents that bring the voltage 
back to this level (Schwindt and Crill 1980c). Furthermore, depolarisations from the 
more hyperpolarised “resting” membrane potential need only reach the “hump” of 
the N, or the unstable region, for the voltage to jump to the more depolarised stable 

Fig. 7  (continued) N-shaped I–V relationship, PICs, and repetitive firing in motoneurons. (a) 
N-shaped I–V curve in an adult cat motoneuron revealed during slow depolarising ramp in voltage 
clamp. Slope of line L indicates passive leak conductance. Single arrow is first point of 0 slope 
conductance, and double arrow indicates maximum peak inward current. Arrowheads indicate 
abscissa crossings with positive slopes, which are stable voltages. (b) Current response to triangu-
lar voltage ramp in a juvenile (P8–15) mouse motoneuron in slice similarly reveals differences in 
‘N-shape’ during ascending and descending ramps due to channel kinetics. * show inflection 
points, likely resulting from dendritic location of CaV1 channels. (c) These differences can be 
quantitatively appreciated when reflecting the response to the downward ramp (grey) on the 
upward ramp (black) to plot the I–V curve. The dashed lines indicate the onset of the region of 
negative slope conductance on the up-ramp, and the peak inward current on the down-ramp. (d) 
Voltage-dependent persistent inward currents generate plateau potentials and sustained firing in an 
adult cat motoneuron, with synaptic input activated by tendon vibration. The top two panels show 
voltage traces and the lower panel current traces. In each panel, the lower trace is when the cell 
held at hyperpolarised levels at which PICs are not activated, whereas the top traces are depolar-
ised to voltages where PICs can be generated. The top panel, top trace illustrates self-sustained 
firing of a motoneuron activated by synaptic input. The middle panel shows the underlying plateau 
potential (top trace) in a motoneuron injected with QX-314 to block action potentials. In the lower 
panel, a PIC is initiated when the voltage is clamped at more depolarised levels. Note that the 
traces have been shifted along the y-axes, aligning the pre-pulse current/voltages to facilitate com-
parison. (e) Motoneuron model showing instantaneous firing frequency in response to a triangular 
current ramp in the absence (red dashed line) and presence (solid, non-linear line) of neuromodu-
lation. 1–3 indicate major PIC phases. (f) ƒ-I plot showing firing frequency hysteresis induced by 
PICs in an adult cat motoneuron. Arrows indicate direction of the change in current injection. (a) 
modified from Schwindt and Crill (1977), Fig. 1c. (b and c) from Carlin et al. (2000), Fig. 1b and 
c. (d) from Heckman et al. (2005), Fig. 2. (e and f) from Heckman et al. (2005), Fig. 4c–d
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crossing. Thus, bistability is produced. But bistability is a special case – the inward 
and outward currents must be such that the N crosses the abscissa with a positive 
slope twice. In many motoneurons, this is unlikely to be the case and bistability is 
not seen (Heckman et al. 2003). Nonetheless, the voltage-gated channels responsi-
ble for PICs will amplify EPSPs, and, given that they are either slowly- or non-
inactivating, the EPSPs will be prolonged and can impact temporal summation 
(Fig. 7d); In other words, in modulating these channels, brain stem monoaminergic 
systems can significantly change the integrative properties of motoneuron dendrites.

Of note, the recruitment of PICs parallels the transition from primary to secondary 
range firing (Schwindt and Crill 1982). In cats, the f-I slope of secondary range firing 
is higher than primary range, but some motoneurons do not have a secondary range. 
It is thought that counteracting factors such as increases in both spike threshold and 
outward potassium currents reduce the effects of the inward currents in those moto-
neurons (Schwindt and Crill 1982). Perhaps these forces are greater in mouse moto-
neurons, eliminating any PIC-mediated increase in f-I slope for secondary range firing.

These conductances also mean that less synaptic drive – in both amplitude and 
time  – would be sufficient to ensure repetitive firing of motoneurons and hence 
muscle contraction. PICs can be strong enough to maintain firing in the absence of 
synaptic drive, until sufficient inhibition is received (Hounsgaard et al. 1988a; Lee 
and Heckman 2000; Hultborn et al. 2003).

The effects of PICs on motoneuron firing are clearly demonstrated during trian-
gular current ramps (Fig. 7e, f). In the absence of PICs, motoneuron firing increases 
and decreases linearly with current input (Fig. 7e, red dashed line). However, when 
PICs are activated, firing accelerates rapidly, producing a steep ƒ-I curve (1. Fig. 7e, 
non-linear line), followed by a reduction in the slope as maximum firing is 
approached (2. Fig. 7e), and finally a linear reduction in firing. These firing rate 
changes can be seen as an onset-offset hysteresis (3. Fig. 7e, f) of the ƒ-I relation-
ship (Hounsgaard et al. 1988a). Furthermore, the de-recruitment current threshold 
for firing is often lower than the recruitment threshold (3. Fig. 7e, shaded area shows 
difference), presumably due to slow/non inactivating PICs (Note that AHP prolon-
gation may contribute to this effect as well; Wienecke et al. 2009). These voltage-
dependent effects can also be seen during ramp current injections during locomotor 
activity, indicating that PICs or other voltage-dependent conductances are activated 
during synaptic excitation as well (Brownstone et al. 1994).

�Termination of PICs

While persistent sodium currents are subject to slow inactivation (Lee and Heckman 
1999), persistent calcium currents require strong inhibitory input or hyperpolarising/
outward current to terminate them – to move to the left beyond the unstable region 
of negative slope conductance (Moritz et al. 2007; Perrier and Hounsgaard 2003; 
Hultborn et  al. 1975). Furthermore, PICs are dependent on the balance between 
inward and outward K+ currents (Schwindt and Crill 1980a, c, 1981), so any increase 
in K+ current, such as a slowly activating K+ current, can lead to their termination. 
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This can be mediated by SK channels through AHP summation (Li and Bennett 
2007), or other potassium currents that are slowly-activating and non-inactivating, 
such as those mediated by KCNQ channels (M-currents; Alaburda et  al. 2002). 
Renshaw cell inhibition is also well placed to terminate PICs (Bui et al. 2008).

�PICs and Motor Pools

PIC channels are not homogeneously expressed across a motor pool and therefore 
contribute differently to sustained firing in different motoneuron types (Grande 
et al. 2007). Bistable behaviour (self-sustained firing, Fig. 7d) is more prevalent in 
low threshold slow motoneurons, in keeping with their fatigue resistance and 
involvement in sustained contractions such as those required for postural control 
(Eken and Kiehn 1989). Self-sustained firing is seldom seen in the largest, fast 
motoneurons, but this does not mean that they do not express PICs. In fact, PICs 
increase the gain of the ƒ-I slope and reduce the decruitment threshold in these 
neurons as well. Hence, in fast, high threshold motoneurons, PICs primarily serve 
to amplify synaptic inputs, whereas in slow motoneurons they can also maintain 
repetitive firing.

6 � Other Voltage- and Time- Varying Currents

Other non-linear properties of motoneurons can contribute to motoneuron repetitive 
firing. For example, during repeated phasic inputs, similar to those that occur during 
locomotion, a cumulative effect can lead to increasing firing frequency in response 
to the same input. This history-dependent increase in frequency is known as 
‘windup,’ and although initially thought to be related to L-type Ca2+ channel activity, 
is seen even in neonatal motoneurons in which L-type Ca2+ channel expression is 
low, suggesting that other channels are involved (Pambo-Pambo et al. 2009). Indeed, 
motoneuron windup was found to be dependent on the nifedipine-sensitive K+ chan-
nel, KV1.2 (Bos et al. 2018). KV1.2 is a slowly inactivating channel concentrated in 
the axon initial segment. Although present in most motoneurons, its slow ramping 
membrane depolarisation in response to rectangular current injection is preferen-
tially seen in fast, high threshold motoneurons (Leroy et al. 2014). Thus, in response 
to long depolarising, near threshold, current injection (lasting seconds), fast moto-
neurons exhibit delayed firing (Fig. 8a) compared to slow motoneurons, which fire 
immediately (Fig.  8a1). In considering synaptic integration, fast motoneurons 
would thus be oblivious to low amplitude, near threshold inputs unless they were 
prolonged. KV1.2 channels could therefore contribute to the observed size principle 
of recruitment (see Sect. 2). Furthermore, this finding has provided a surrogate 
marker to identify motoneuron type: long, near threshold current injections can dis-
tinguish fast from slow motoneurons by their delay to repetitive firing (Leroy et al. 
2014; Fig. 8a–c1).
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Fig. 8  Delayed and immediate firing motoneurons. Motoneurons may be categorized as fast or 
slow based on their threshold firing patterns during long duration rectangular current injections. (a) 
An example of a fast (6–10  day old) mouse motoneuron shows a ramping depolarisation in 
response to a stable near threshold current injection, resulting in delayed firing that increases in 
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The interaction of these slowly inactivating outward currents and SFA (see 
above) is interesting to consider, especially as both are more prominent in fast moto-
neurons (Spielmann et al. 1993; Button et al. 2006; Kernell 1972). Particularly in 
these motoneurons, it is therefore possible that for current injections in low supra-
threshold ranges, the increases in firing rate resulting from inactivation of KV1.2 
could counterbalance decreases from SFA mechanisms (Brownstone et al. 2011). 
That is, at relatively low levels of current injections, SFA may not be seen (Fig. 8a; 
Leroy et  al. 2014), whereas larger depolarisations would lead to clearer SFA 
(Sawczuk et al. 1995; Button et al. 2006).

7 � Human Motor Unit Recordings

Our understanding of motoneuron physiology has been strengthened by the capac-
ity to study motoneurons both in animals and in humans. Combining knowledge 
gained from experiments recording voluntary motor unit activity in humans with 
that gleaned from mechanistic studies in animal experiments has broadened our 
understanding of motoneuron physiology.

The first recordings of motor unit action potentials (MUAPs) from human mus-
cle during voluntary contractions took place in the early 1900s (Wachholder 1928; 
see Duchateau & Enoka 2011 for comprehensive historical review). Adrian and 
Bronk (1929) used concentric needle electrodes to record single motor units, and 
provided an early description of rate coding, which describes the relationship 
between unit recruitment, spike frequency, and force output (Bigland and Lippold 
1954). Development of fine wire electrodes for improving the signal to noise ratio 
of recordings (Stecko 1962) allowed principles of motoneuron physiology discov-
ered in cat preparations, such as the size principle, to be studied during human vol-
untary contraction (Milner-Brown et al. 1973; Stein et al. 1972).

As humans can voluntarily produce different types of contractions with different 
magnitudes and rates of force generation, details about motor unit recruitment and 
rate coding could be readily studied (Büdingen and Freund 1976; Desmedt and 
Godaux 1977; Thomas et al. 1987). Subsequent investigations of motor unit firing 
patterns during different tasks enhanced our understanding of state-dependent 
motoneuron physiology (Collins et  al. 2001). Thus, the fundamental knowledge 
from animal experiments could be interrogated in human motor units.

Fig 8  (continued) frequency over time. (a1) In slow motoneurons, action potential trains initiate 
at the onset of the input and spike frequencies do not accelerate. (b) Single action potentials in fast 
(black) motoneurons are shorter in duration (b) and have shorter mAHPs (b1) than slow (grey) 
motoneurons. These properties correspond to whether the motoneurons have delayed firing or not. 
(c) Analysis of motoneurons filled during recording demonstrates a larger dendritic tree in moto-
neurons with delayed (c) than those with immediate firing (c1), corresponding to the known char-
acteristic that fast motoneurons are larger than slow motoneurons. (From Leroy et al. 2014)
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Recently, much work has been directed toward recording multiple individual 
human motor units using intramuscular (Farina et al. 2008) and surface EMG elec-
trode arrays (Holobar et al. 2009). These flexible, multi-channel EMG electrodes 
with tens of electrode contacts, combined with advances in signal processing algo-
rithms led to the ability to record, decompose, and analyse most units in certain 
human muscles during isometric contractions (Farina et  al. 2008; Muceli et  al. 
2018; Florestal et al. 2009; Marateb et al. 2011; Negro et al. 2016). This technique 
allowed for the comparison of activity in different motor units – for example early 
recruited (presumably S-type) vs late recruited (presumably F-type) units – which 
led to improved understanding of a motor pool. These studies revealed, for example, 
that while synaptic integration is non-linear in individual motoneurons, the popula-
tion behaves linearly during these tasks (Farina and Negro 2015).

Development of these arrays and signal processing capacity to study human 
motor units has not only shed light on motor pool function in humans, but has 
allowed for the application of this technology in animals such as cat (Thompson 
et al. 2018) and song bird (Zia et al. 2018). This complementarity of human and 
animal studies is exemplary in demonstrating how the knowledge gained through 
such a combination is greater than the sum of each type of study independently.

�Fatigue in Human Motoneurons

Muscle fatigue can be defined as the state occurring over time in which muscles 
have reduced contraction in response to a constant command, or in which an increase 
in command is needed to maintain a constant contraction. If that command is con-
sidered to originate at a pre-motoneuronal level, then a reduction in motoneuron 
responsiveness to that command could be considered a component of fatigue. 
Human studies of muscle fatigue have revealed that, during sustained voluntary 
contraction, there are two parallel components of fatigue: motor unit firing fre-
quency decreases, and there is a concomitant decrease in the contractile properties 
of the innervated fibres. That is, the innervating motoneuron firing frequency 
reduces such that it does not fire at frequencies higher than that required for a fused 
tetanic contraction of its muscle fibre. Nonetheless, increasing the input to the motor 
pool by volitional control can increase motoneuron firing frequency during this 
fatigued state. The increase in command can recruit additional motor units in order 
to maintain the contraction, and likewise act on already recruited motoneurons to 
counterbalance reductions in firing frequency (Johnson et al. 2004). The degree to 
which descending modulatory activity changes and the roles that afferent input may 
play to enable motoneurons to increase their firing rate in these conditions are not 
known (Taylor et al. 2016).

But what are the cellular mechanisms behind this fatigue (Taylor et  al. 2016; 
Enoka 2019)? Further studies on humans pointed to a central mechanism of fatigue, 
quite likely late spike frequency adaptation as seen in animal studies (Piotrkiewicz 
and Wilanowski 2012). As noted above, this late SFA can be reduced depending on 
behavioural state, such as when the animal is walking (Brownstone et al. 2011). As 
late SFA can be modulated, it may be that a strategy to “overcome” fatigue in the 
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short term would be to alter neuromodulatory state (consider a fight or flight reac-
tion). Furthermore, this concept could lead to the suggestion that long term strate-
gies to reduce fatiguing of muscles, such as exercise, may act through metamodulation, 
or changing the baseline modulatory state of motoneurons.

�PICs in Human Motoneurons

One example where knowledge gleaned from animal studies has directly led to cor-
responding investigations of human motor unit physiology is the phenomenon of 
PICs (see section “Dendritic input amplification: persistent inward currents”). As 
with animal motoneurons recordings, in which PICs can be studied by ramp 
increases and decreases in injected current, human PICs can be approximated using 
a surrogate of injected current: ramp increases (and decreases) in voluntary force 
production. This paradigm was first used to study human motor units to demonstrate 
orderly recruitment, and high threshold units were found to have nonlinear firing 
(likely secondary range; De Luca et al. 1982). Interestingly, although long before 
PICs in animals were understood, a difference (decrease) between recruitment and 
derecruitment firing rates was shown (De Luca et al. 1982). In addition to onset-
offset hysteresis, firing frequencies of motor units were found to accelerate (De 
Luca and Contessa 2012) and saturate (Fuglevand et  al. 2015) on the ascending 
portion of the force ramp (De Luca et al. 1982; Mottram et al. 2009; Revill and 
Fuglevand 2017; Fig. 7e, 1–3). These phenomena all point towards PICs operating 
in human motoneurons.

To investigate PICs further, Gorassini et al. (2002) took advantage of the phe-
nomenon that low threshold units can be used as a measure of synaptic input to the 
pool (Bennett et al. 1998; Lee et al. 2003), and developed quantitative methods for 
assessing PICs and ƒ-I hysteresis in humans. For example, subjects were asked to 
maintain dorsiflexion at a small percentage of their maximal voluntary contraction 
(MVC) during recording of single units from the TA muscle, assuming that the 
same excitatory drive was being delivered to all motoneurons in the pool. 
Proprioceptive afferents, which project to all homonymous motoneurons, were then 
stimulated by tendon vibration to provide brief excitatory input to the pool. This led 
to recruitment and sustained firing in higher threshold TA motor units, presumably 
due to activation of PICs. On slowly reducing force, there was a reduction in firing 
rates of both low and higher threshold units. By using the firing frequency of the low 
threshold unit as a surrogate marker of drive to the pool, this “drive” at recruitment 
and derecruitment of the higher threshold unit could then be estimated. Indeed, fir-
ing rate hysteresis was found (lower drive at derecruitment than at recruitment), 
consistent with the proprioceptive input activating PICs. This technique was then 
validated in animal studies (Powers et al. 2008; Gorassini et al. 2002) and in com-
puter simulations (Powers and Heckman 2015), and it is now widely used to assess 
excitability of human motoneurons in health (Herda et al. 2016) and disease states 
(Mottram et  al. 2009, 2014). In addition, this technique has now been used to 
assess many motor units in a pool using high density EMG arrays (see beginning 
of Sect. 7), which have provided an additional, important dimension to our 
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understanding of human motoneuron physiology (Afsharipour et  al. 2020). This 
knowledge will undoubtedly be enhanced by iterative approaches between the stud-
ies of animal and human motoneurons to gain mechanistic insights into human 
motor physiology.

8 � Conclusion

Much progress has been made in our understanding of how motoneurons integrate 
synaptic inputs to produce trains of action potentials that stimulate muscles to 
contract with precise timing and force. This progress has been facilitated by 
experiments in both animals and humans, and the transfer of knowledge between 
the two. The fundamental basis of this knowledge derived from elegant work 
studying cat motoneuron physiology in  vivo, and continues today largely in 
rodents in vitro and, to a lesser extent, in vivo. Mouse preparations have provided 
another dimension to our understanding through the capacity for genetic manipu-
lation of motor circuits. Advances have also been made in our ability to record 
from motoneurons in behaving humans, allowing for the study of voluntary acti-
vation of motor pools.

But many questions remain. To understand behaviour, it is important to under-
stand the fundamentals of movement. How are motoneuron properties tuned to the 
muscle fibre types they innervate? How do motoneurons integrate their many syn-
aptic inputs to produce just the right amount of muscle contraction at a particular 
time and during a particular state? How do motoneuron pools work as an ensemble 
to ensure that joint angles change, or joints are stiffened, for the task at hand? How 
does the task-setting performed by higher centres change the modulatory state of 
motoneurons for the intended behaviour? These and other questions will be 
answered by ever expanding tools, interactions between those investigators of 
human and animal motoneuron function, and new, creative studies of this adaptable 
sensorimotor system.
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The Cellular Basis for the Generation 
of Firing Patterns in Human Motor Units

Obaid U. Khurram, Gregory E. P. Pearcey, Matthieu K. Chardon, 
Edward H. Kim, Marta García, and C. J. Heckman

Abstract  Motor units, which comprise a motoneuron and the set of muscle fibers 
it innervates, are the fundamental neuromuscular transducers for all motor com-
mands. The one to one relationship between a motoneuron and its innervated mus-
cle fibers allow motoneuron firing patterns to be readily measured in humans. In this 
chapter, we summarize the current understanding of the cellular basis for the gen-
eration of firing patterns in human motor units. We provide a brief review of land-
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mark insights from classic studies and then proceed to consider the features of 
motor unit firing patterns that are most likely to be sensitive estimators of motoneu-
ron inputs and properties. In addition, we discuss recent advances in technology for 
recording human motor unit firing patterns and highly realistic computer simula-
tions of motoneurons. The final section presents our recent efforts to use the power 
of supercomputers for implementation of the motoneuron models, with a goal of 
achieving a true “reverse engineering” approach that maximizes the insights from 
motor unit firing patterns into the synaptic structure of motor commands.

Keywords  Motor unit · Motoneuron · Motor control · Persistent inward currents · 
Neuromodulation

1 � Introduction

Motor units are the quantal elements of motor control, serving as the fundamental 
neuromechanical transducers for all motor commands (Heckman and Enoka 2012). 
The one to one relation between action potentials in the motoneuron and its inner-
vated muscle fibers allows motoneuron firing patterns to be recorded via electromy-
ography (EMG) in humans and other animals. As a result, motoneurons are the only 
neurons whose firing patterns can be readily measured in humans. In fact, some of 
the first firing patterns to be recorded from neurons––at least indirectly––were 
obtained via electrodes inserted into human muscle, in studies done over 90 years 
ago (Adrian and Bronk 1929; see Duchateau and Enoka 2011 for historical review). 
About 70 years ago, both Eccles as well as Woodbury and Patton performed intra-
cellular recordings in the lumbar spinal cord of feline preparations, making moto-
neurons the first mammalian neurons of any type from which direct intracellular 
recordings were made (Eccles 1952; Woodbury and Patton 1952; see Stuart and 
Brownstone 2011 for historical review). These pioneering studies made it clear that 
investigating motor unit firing patterns in light of the inputs and properties of moto-
neurons has enormous potential for revealing the cellular basis of motor commands. 
This potential has dramatically increased in recent years for two main reasons. The 
first is the rapid improvement in technology for recording motor unit firing patterns 
in humans, due to the development of new electrodes and new signal decomposition 
methods, which allows for non-invasive recordings of many motor units simultane-
ously. The second is the development of highly realistic computer simulations of 
motoneurons, which provide a quantitative bridge between motor unit firing pat-
terns in humans and cellular data from other animal preparations. In this chapter, we 
summarize the current understanding of the cellular basis for the generation of fir-
ing patterns in human motor units. First, we outline how motor commands can 
affect the recruitment and rate coding of motor units. In doing so, we provide a brief 
review of landmark insights from classic studies and then proceed to consider the 
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features of motor unit firing patterns that are most likely to be sensitive estimators 
of motoneuron inputs and properties. The final section presents our recent efforts to 
use the power of supercomputers for implementation of the motoneuron models, 
with a goal of achieving a true “reverse engineering” approach that maximizes the 
insights from motor unit firing patterns into the synaptic structure of motor 
commands.

2 � Advancing Our Understanding of Human Motor 
Commands with the Help of Population Motor 
Unit Recordings

Given the potential complexity of the structure of motor commands, it is reasonable 
to ask if individual motor unit firing patterns have sufficient information to provide 
significant insights into that structure. Fortunately, recent technical advances now 
allow simultaneous recording of many human motor units using non-invasive high-
density surface EMG (HD sEMG) arrays. These methods use a flexible array of 
surface electrodes placed on the skin over a muscle and convolutive blind source 
separation to decompose this surface EMG into the firing patterns of multiple indi-
vidual motor units  – as many as 20–40 simultaneously. An example of the data 
obtained with this approach during a linearly increasing and decreasing isometric 
ankle dorsiflexion is shown in Fig. 1, using the decomposition approach developed 
by Holobar et al. (2009; Holobar and Zazula 2008; Merletti et al. 2008; Negro et al. 
2016). These decomposition methods have been the subject of several reviews 
(Farina and Holobar 2016; Farina et al. 2016; Merletti et al. 2008) and systematic 

Fig. 1  Decomposition of HD sEMG signals recorded from a single human subject’s tibialis ante-
rior yields many individual motor unit spike trains during a slow isometric torque ramp (black 
trace). Individual vertical lines with unique colors represent the firing instances of each of the 27 
motor units discriminated during this trial. Note the tight coupling between the intensity of the 
torque ramp and the interspike intervals of the discriminated motor units
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validation has been implemented by both computer simulations and spike to spike 
comparisons with the traditional intra-muscular fine wire approach. The correspon-
dence between the two methods in the latter case is typically about 90%. As dis-
cussed throughout this chapter, the information provided by this remarkable increase 
in number of units is essential for command structure estimation.

3 � Classic Studies on the Recruitment of Motor Units

A fundamental feature of motor behavior is that muscle force generation is accom-
plished by recruitment of motor units and/or increases in the firing rates of already 
recruited motor units, which was first appreciated by Adrian and Bronk (1929). 
Shortly thereafter, it was noted that recruitment had a clear “size” pattern, i.e. as 
force increased, motor units with smaller amplitude action potentials were recruited 
before those with larger amplitude action potentials (Denny-Brown and Pennybacker 
1938). With the advent of improved amplifiers and development of oscilloscopes, 
studies of recruitment of motor axons in filaments isolated from the ventral roots of 
the feline cord by Henneman (1957) revealed the same small to large pattern. In a 
series of papers in 1965, Henneman and colleagues achieved major breakthroughs 
in understanding both the function and the mechanism of this size-based recruit-
ment order (Henneman and Mendell 1981; Henneman and Olson 1965; Henneman 
et al. 1965a, b). By stimulating single motor axons in thin ventral root filaments, 
they showed that motor unit action potential size was proportional to motor unit 
speed, force, and fatigability. This breakthrough defined the functional significance 
of size-based recruitment, showing that it provided optimal activation of motor units 
in terms of precision, fatigue resistance, and energy efficiency. A second break-
through was conceptual: Henneman hypothesized that size was both the phenome-
non and its cellular mechanism (Henneman and Mendell 1981). That is, small motor 
units have small motoneurons with high intrinsic resistance and thus greater 
responses to a given level of synaptic current – a straightforward consequence of 
Ohm’s law. Thus, the properties of motoneurons themselves define recruitment 
order, an elegant evolutionary adaptation that greatly simplifies the computational 
burden for specifying motor commands. Many subsequent studies strongly sup-
ported Henneman’s initial work and the size principle continues to be the founda-
tion of our understanding of all motor output (Heckman and Enoka 2012).

Systematic studies on mechanisms underlying the size principle have since fol-
lowed. Early studies suggested that the size principle arose because motoneurons all 
received approximately equal synaptic inputs but responded according to their 
threshold differences. For example, Kernell (1966) used intracellular recordings to 
show that motoneurons indeed had a wide range of threshold currents for generation 
of action potentials – approximately 10-fold. Mendell and Henneman (1971) subse-
quently developed the spike triggered average technique to show that individual 
muscle spindle Ia axons projected similarly to more than 90% of the motoneurons 
within a single pool. Yet, studies by Burke and colleagues challenged this notion by 
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demonstrating that synaptic inputs were in fact not distributed uniformly within a 
pool (Burke 1981). Using the differences in mechanical properties of motor units, 
they divided motor units into three types (slow [S], fast fatigue resistant [FR], and 
fast fatigable [FF]) and showed that several different synaptic input systems gener-
ated EPSPs of differing relative amplitudes across the three types (Burke et  al. 
1973). Even the monosynaptic input from muscle spindle Ia afferents, which 
Henneman and Mendell (1981) had shown to project widely across a pool, nonethe-
less proved to generate much greater EPSPs in smaller motoneurons. Thus, Ia EPSP 
amplitude was scaled with motor unit type, with S > FR > FF. In contrast, EPSPs 
from stimulation of the sural cutaneous nerve and the red nucleus showed the oppo-
site pattern (FF > FR > S). These patterns within a single motor nucleus were con-
sistent with previous studies showing differences in EPSPs to motoneurons 
innervating muscles with predominantly slow (i.e. soleus) and fast (i.e. medial gas-
trocnemius) muscle fibers (Burke 1981).

A problem with the PSPs approach is that their amplitudes are just as dependent 
on the resistance of the neuron as on the underlying synaptic current. For example, 
even if Ia synaptic currents were equal in all motoneurons, Ia EPSPs would be much 
greater in higher-resistance (i.e. smaller) motoneurons. Switching to prolonged, 
quasi-steady synaptic inputs instead of transient PSPs allowed separation of these 
two factors and revealed that Ia synaptic currents had a non-uniform distribution, 
with a bias towards the smaller motoneurons of Type S motor units (Heckman and 
Binder 1988). Systematic studies using this steady synaptic current approach by 
Powers and Binder (2001) showed that all excitatory inputs studied (including ves-
tibulospinal, rubrospinal, corticospinal, and spindle Ia) projected non-uniformly, as 
illustrated in Fig. 2. All of these descending inputs proved to generate much larger 
currents in lower-resistance (i.e. larger) motoneurons; thus far only Ia afferents have 
been shown to have the opposite distribution. Both Ia reciprocal inhibition (Heckman 
and Binder 1991a) and Renshaw cell recurrent inhibition (Lindsay and Binder 
1991) proved to be approximately equally distributed to all motoneurons. Realistic 
computer simulations showed that none of these distributions on their own were 
sufficient to reverse recruitment order, though the descending inputs markedly 
reduced the range of recruitment while Ia input increased this range (Heckman and 
Binder 1993b). These differences have proved important in understanding recruit-
ment patterns in human data – or to put it another way, make it likely that muscles 
with narrow recruitment ranges are likely to be primarily driven by descending 
inputs with at most small contributions from Ia afferents. These simulations did 
however show that combining rubrospinal excitation with inhibitory currents could 
result in recruitment reversals. The selective recruitment of type F motor units, 
therefore, cannot be totally ruled out. Indeed, some supporting data emerged in 
studies of cat motoneurons (Kanda et al. 1977) and human motor units (Garnett and 
Stephens 1981) in response to cutaneous stimulation. Since then, however, system-
atic work on the effects of cutaneous inputs by Cope and Clark (1991) have strongly 
supported the assumptions underlying the size principle. It appears that motor com-
mands rarely, if ever, utilize reversed recruitment order (Heckman and Enoka 2012). 
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Overall, Henneman’s size principle remains the intellectual bedrock for understand-
ing motor unit recruitment.

4 � Effects of Differences in the Distribution of Synaptic Input 
to Low Versus High Threshold Motoneurons on Their 
Recruitment Patterns

Although the tendency for many synaptic input systems to generate nonuniform 
distributions of synaptic currents in motoneurons of type S vs type F motor units 
does not result in systematic reversals of recruitment, it does impact the overall 
range of recruitment thresholds. A motoneuron’s recruitment threshold is specified 
by its intrinsic threshold, which is the amount of synaptic current required to reach 
threshold for spiking, and its relative share of the total synaptic input, which is 
determined by the input distribution from active input sources (Burke 1981; Powers 
and Binder 2001). Multiple studies have supported Kernell’s classic finding that 
there is an approximately 10-fold range in the threshold currents from the smallest 
to the largest motoneurons (Gustafsson and Pinter 1984; Zengel et al. 1985). This 
difference in recruitment threshold reflects differences partly in cell size, as empha-
sized by Henneman, and partly in specific membrane resistance, which together 
generate a 10-fold range in total input resistance (reviewed in Powers and Binder 
2001). This 10-fold range confers stability on the recruitment process, hugely favor-
ing the size principle. If an input tends to generate greater synaptic current in moto-
neurons of type F rather than type S motor units, the range of recruitment will be 
compressed and the “spacing” between each successive motor unit will be reduced. 
The recruitment order for each motor unit type and the differential strength of vari-
ous synaptic inputs to the motoneurons are illustrated in Fig. 2. Briefly, rubrospinal 
and corticospinal inputs have a strong bias and vestibulospinal inputs have a slight 
bias towards motoneurons of type F motor units; by contrast, Ia inputs have a slight 
bias towards motoneurons of type S motor units. This nonuniformity in the distribu-
tion of inputs effectively compresses or expands the recruitment range. Therefore, 
the range of recruitment thresholds also reflects the differences in synaptic current 
between low and high threshold motor units generated by all excitatory inputs yet 
studied. In this context, the upper threshold of motor unit recruitment (i.e. the 
threshold at which the last motor unit is recruited during a maximal contraction) 
may provide information about the proportion of different synaptic inputs to – and 
the control strategies favored by – each muscle (Johnson et al. 2017).

The recruitment range varies across different muscles, likely reflecting differ-
ences in the synaptic inputs to these muscles. For example, in the human arm, the 
upper limit of recruitment is around 90% of the maximum voluntary contraction 
(MVC) for the biceps brachii (Gydikov and Kosarov 1974; Kukulka and Clamann 
1981). Indeed, the biceps brachii and deltoid muscles in the upper limb as well as 
the soleus and tibialis anterior muscles in the lower limb have a relatively high 
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Fig. 2  Motor unit types are shown with Burke et al.’ (1973) original classification of slow (Type 
S), fast-twitch fatigue resistant (Type FR), and fast-twitch fatigable (Type FF). The differential 
strength of synaptic inputs to motoneurons is represented by both the size and warmth (i.e. blue is 
weak, whereas orange is strong) of the bar associated with each type of synaptic input. The inverse 
relationship between the motoneuron size and the recruitment order as well as the amplitude of the 
postsynaptic potentials (PSPs) is shown at the bottom

upper limit of motor unit recruitment threshold, with some units being recruited 
within 5% of the MVC (De Luca et al. 1982; Gydikov and Kosarov 1974; Klass 
et al. 2008; Kukulka and Clamann 1981; Oya et al. 2009). By contrast, intrinsic 
hand muscles, which are often involved in manipulations necessitating a greater 
degree of precision and tend to receive much greater corticospinal input, have much 
lower upper limits of recruitment. Both the adductor pollicis and first dorsal interos-
seus muscles have upper limits of recruitment around 50% MVC (Kukulka and 
Clamann 1981) and 75% MVC (Moritz et al. 2005; Thomas et al. 1986), respec-
tively. These compressed recruitment ranges may reflect increased corticospinal 
input to the motoneuron pools innervating hand muscles.
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5 � Classic Studies on Rate Modulation in Motor Units

Rate modulation initially appeared relatively simple in form, but further study 
exposed some interesting peculiarities. In general, as force increases, already 
recruited motor units undergo subsequent increases in firing rate (i.e. rate modula-
tion). Yet during slowly rising isometric contractions, a striking phenomenon 
becomes manifest  – namely a sharp decrease in the rate of rise of firing of low 
threshold units. This phenomenon is referred to as rate limiting or rate attenuation. 
Rate attenuation has been consistently demonstrated in many experiments (De Luca 
and Contessa 2012; De Luca et  al. 1982; Fuglevand et  al. 2015; Gydikov and 
Kosarov 1973; Monster and Chan 1977). Figure 3 shows a clear example of the fir-
ing rates of a cat motoneuron (a) and human motor unit (b), during a slow increase 

Fig. 3  Firing pattern of a spinal motoneuron (magenta) from a decerebrate cat (a) during current 
injection (black trace) and a human motor unit (cyan) (b) during slow isometric volitional torque 
generation (black trace). The basic effects of the PIC are the initial amplification which results in 
a steep increase of the firing rate, the PIC attenuation which causes the slope of the firing rate to 
decrease substantially and firing rate hysteresis due to the prolonged activation of the Ca2+ 
PIC. From these examples, analogous effects of the PIC in both species can be appreciated

O. U. Khurram et al.



241

and subsequent decrease in injected current or synaptic input. The mechanism of the 
rate attenuation evident in these types of motor unit firing patterns was perplexing 
for many years and proved to be a harbinger of unexpectedly complex intrinsic 
electrical properties of motoneurons.

Initially, from about 1950 through 1980, intracellular studies of motoneurons 
revealed rather simple input-output behavior: a threshold (corresponding to recruit-
ment) and a slope for conversion of synaptic current to firing rate (i.e. rate modula-
tion) (Powers and Binder 2001). When the measurements of distributions of synaptic 
currents from various sources became available (i.e. those outlined in the previous 
section), efforts were made to recreate normal recruitment and rate modulation pat-
terns seen in experiments in humans. These efforts were reasonably successful for 
recruitment (Heckman and Binder 1993b), but problematic for rate modulation 
(Heckman and Binder 1993a and unpublished results, Heckman lab). The issue 
turned out to be that the motoneuron input-output functions were based on data 
from anesthetized preparations, which suppressed a fundamentally important form 
of synaptic input to motoneurons – neuromodulatory drive from the brainstem.

This reliance on anesthetized motoneuron properties was a surprisingly myopic 
approach, given the wealth of studies in invertebrate preparations that had demon-
strated the power of neuromodulatory input (Marder 1996; Selverston et al. 1998). 
Unfortunately, at the time of these initial attempts to model human motor unit firing 
patterns, the profound effects of neuromodulatory input were still not fully appreci-
ated. Studies of both spinal and brainstem motoneurons had shown that ionopho-
retic administration of the neurotransmitters serotonin (or 5-hydroxytryptamine; 
5-HT) and norepinephrine (NE) induced a marked and long lasting increase in 
motoneuron excitability (VanderMaelen and Aghajanian 1980, 1982; White et al. 
1991). These studies assumed that the primary effects of 5-HT and NE were medi-
ated by actions on leak channels, producing subthreshold depolarization and 
increased resistance, and on spike afterhyperpolarization (AHP), accelerating firing 
rates. These actions are substantial but probably the most important role of neuro-
modulatory input in generating human motor unit firing patterns has proved to be 
the potent action of 5-HT and NE on persistent inward currents (PICs). PICs are 
mediated by G-protein coupled metabotropic membrane receptors that facilitate the 
transfer of ions via persistent Na+ and L-type Ca2+ channels. They were discovered 
in motoneurons by Schwindt and Crill (1980), who employed blockers of K+ cur-
rents in anesthetized preparations to uncover a PIC. Subsequently, Hounsgaard and 
colleagues, using the un-anesthetized decerebrate preparation along with drug 
administration in slice preparations, showed that strong PICs emerged in the pres-
ence of 5-HT and were thus a natural consequence of endogenous neurotransmitters 
(Hounsgaard et  al. 1988; Hounsgaard and Kiehn 1985).  Subsequently, Lee and 
Heckman (Lee and Heckman, 1999a) demonstrated that NE had a similar effect.

In these classic studies, the potent effects of PICs on motoneuron firing patterns 
were evident by a marked acceleration in firing rate in response to injected current 
and the tendency for firing to continue after the current ceased. The prolonged, self-
sustained firing is especially striking (see Fig.  4), continuing for many seconds 
unless terminated by an inhibitory injected or synaptic current and was thus termed 
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Fig. 4  Amplification and prolongation of synaptic input by the PIC in a cat motoneuron. In (a), a 
low threshold motoneuron is voltage clamped to either −90 mV (magenta trace) or −55 mV (cyan 
trace). At a hyperpolarized holding potential (i.e. −90 mV) activation of homonymous Ia afferents 
resulted in a steady current response with a sharp onset and offset that matched temporal parame-
ters of the input. At a depolarized holding potential (i.e. −55 mV), the same input was amplified 
and prolonged, highlighting the voltage dependence of the PIC. In (b), the net PIC (red trace) is the 
difference between the motoneuron current response at a depolarized and at a hyperpolarized hold-
ing potential from (a). In (c), the motoneuron is unclamped. At a hyperpolarized level (~ −90 mV; 
magenta trace), synaptic input does not reach the threshold for repetitive firing. By contrast, at a 
more depolarized level (~ −70 mV; cyan trace), the same input evokes repetitive firing that is sus-
tained well after the input is turned off, albeit at a lower firing rate

bistable behavior. It only slowly became evident, however, that PICs are essential 
for the generation of repetitive firing in all spinal motoneurons during slowly vary-
ing motor behaviors. The PIC mediated by Na+ channels (NaPIC) is essential for the 
initiation of repetitive firing, acting to accelerate the relatively slow rate of change 
of membrane potential during the decay of the AHP into a rate of rise sufficiently 
fast to allow activation of transient Na+ channels that generate each action potential 
(Harvey et al. 2006; Kuo et al. 2006; Lee and Heckman 2001). This action, while 
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necessary, simply allows normal repetitive firing to occur and is thus implicit but not 
evident in motoneuron firing patterns in humans. The PIC mediated by L-type Ca2+ 
channels (CaPIC) is responsible for the acceleration and prolongation of motoneu-
ron firing (Harvey et al. 2006; Kuo et al. 2006; Lee and Heckman 2001). These 
long-lasting effects cannot be mediated by the NaPIC, which activates very rapidly 
but slowly inactivates with a time constant of a few seconds (Lee and Heckman 
1999b; Powers and Binder 2001).

6 � Fundamental Role of Neuromodulatory Inputs in Shaping 
Nonlinear Human Motor Unit Firing Patterns

Realization that the CaPIC-induced acceleration and prolongation of motoneuron 
firing is a fundamental feature of human motor unit firing patterns took a surpris-
ingly long time. Some 10 years after the initial demonstration of these phenomena 
in cat motoneurons, further studies with injected currents with slow triangular time 
courses revealed firing patterns (see Fig. 4C in Lee and Heckman (1998) in and 
Fig. 10A in Bennett et al. (1998)) that mimicked human motor unit firing patterns to 
a surprising degree (refer back to Fig. 3a). The reason for this delay in understand-
ing was likely that current injection proved to be a very non-physiological means of 
activating the CaPIC.  Intracellular electrodes inject current at or near the soma, 
whereas the CaPIC is generated primarily in the extensive dendritic trees of moto-
neurons (Bennett et  al. 1998; Hounsgaard and Kiehn 1993; Lee and Heckman 
1996). The human-like firing patterns in these intracellular studies resulted from 
either using an additional agonist for NE to generate a PIC so large that it could be 
easily activated from the soma (Lee and Heckman 1998) or by combining synaptic 
current with injected current to depolarize the dendritic PIC to make somatic activa-
tion more effective (Bennett et al. 1998).

The basic PIC effects on motoneuron firing during a slow triangle of injected 
current and the analogous effects in human motor units during slow isometric torque 
triangles generated volitionally can be appreciated in Fig. 3a, b, respectively. The 
PIC activates with a surge in firing rate that lasts about 1 s, representing the PIC 
amplification phase. The slope of firing rate then sharply decreases, to produce fir-
ing rate attenuation. Voltage clamp data and computer simulations show that this 
phase is due to the dendritic location of CaV1.3 channels, where PIC activation 
results in very depolarized levels approaching the reversal potential of the EPSP 
(Elbasiouny et al. 2006; Hyngstrom et al. 2008; Lee and Heckman 2000; Powers 
et al. 2012). This mechanism predicts that, once the PIC is activated and firing rate 
saturates, the motoneuron should become much less sensitive to additional synaptic 
input. This reduced sensitivity has been clearly demonstrated in intracellular studies 
(Hyngstrom et al. 2008; Lee and Heckman 2000). It is also the case in human motor 
units as was demonstrated by Fuglevand et al. (2015). The additional input does of 
course increase net torque, but primarily by recruitment of more motor units that 
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then go through the same PIC acceleration and attenuation effects. By the same 
token, the voltage clamp and modeling studies show the motoneuron becomes much 
more sensitive to inhibition during the attenuation phase, as the dendritic depolar-
ization greatly increases inhibitory driving force (Bui et al. 2008; Hyngstrom et al. 
2008; Kuo et al. 2003). This high sensitivity has yet to be systematically evaluated 
in human subjects. Last, but certainly not least, the PIC tends to prolong firing 
because the CaV1.3 channels show little or no inactivation (Binder et  al. 2020; 
Moritz et al. 2007). These results show motor unit de-recruitment at a lower input 
level than recruitment, illustrating a marked hysteresis in the firing rate. As dis-
cussed in the following section, this hysteresis provides the best estimation of the 
contribution of PICs in human motor unit firing pattern.

The remarkable similarity between intracellularly recorded motoneuron firing 
patterns when PICs are present and human motor unit firing patterns during voli-
tional movements (Fig. 3) is perhaps the strongest evidence that neuromodulatory 
input from the brainstem is a fundamental component of normal motor behavior 
(Johnson et al. 2017). This conclusion is also strongly supported by several other 
lines of evidence. The intracellular studies clearly show that PIC amplitudes are 
proportional to the level of neuromodulatory drive from the brainstem – that is, to 
the levels of 5-HT and NE (Lee and Heckman 1999a, 2000). In reduced prepara-
tions and computer simulations, the maximal amplitudes of excitatory synaptic cur-
rents from both descending and sensory systems have been shown to be too small to 
have much of an impact on motoneuron firing, unless amplified by PICs (Powers 
and Binder 2001). Brainstem neurons in the caudal raphe nucleus that are the source 
of the 5-HT input to the cord, are tonically active in the awake cat, and increase their 
firing rates with increasing motor output (Jacobs et al. 2002). In humans, drugs that 
alter levels of 5-HT alter the gain of reflexes and of volitional commands (Wei et al. 
2014) and increasing NE levels increases the PIC-like behaviors in motor unit firing 
patterns (Udina et al. 2010; Walton et al. 2002).

7 � Characteristics of Motor Unit Firing Patterns That 
Provide Estimates of Cellular Mechanisms: Estimation 
of Motoneuron PICs from Motor Unit Firing Patterns

The PIC-induced bistable firing behavior became the initial focus for detection of 
PICs in human motor unit firing patterns. Bistable behavior could sometimes be 
identified (Kiehn and Eken 1997), but the hysteresis in motoneuron firing rates has 
proven to be the most consistent hallmark for non-invasive PIC estimation. This 
important point was first clearly realized by Gorassini et al. (2002), who devised a 
now standard technique for measuring firing rate hysteresis by quantifying the dif-
ference in the firing frequency of a lower-threshold motor unit at the onset and offset 
of firing of a higher threshold motor unit (∆F = FRecruitment – FDerecruitment). This paired 
motor unit analysis technique uses the lower-threshold motor unit as a marker of the 
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Fig. 5  Motor unit firing patterns from two tibialis anterior motor units during a slow isometric 
torque ramp recorded from a single human subject. The paired motor unit analysis technique quan-
tifies the difference between the firing rate of a lower-threshold (blue trace) motor unit at the 
recruitment and de-recruitment of a higher-threshold (orange trace) motor unit. The lower-
threshold motor unit’s firing rate is used to estimate the synaptic drive to the motor unit pool. This 
technique allows for quantification of firing rate hysteresis, an estimate of the magnitude of the PIC

synaptic drive to the motoneuron pool, as can be appreciated in Fig. 5. The ∆F tech-
nique has been subjected to rigorous evaluations of its effectiveness as a means of 
estimating PICs and of the factors affecting the accuracy of these estimations 
(Afsharipour et  al. 2020; Bennett et  al. 2001a, b; Powers and Heckman 2015; 
Powers et al. 2008; Revill and Fuglevand 2011).

Bennett et al. (2001a, b) clearly demonstrated, with parallel motor unit and intra-
cellular recordings in rat motoneurons, that ∆F reflects features of PICs. Results 
from human experiments and from realistic simulations of motoneurons also sug-
gest that changes in ∆F primarily correspond to changes in the amplitude of PICs, 
especially in the range of values commonly seen in human motor units (3–6 imp/s) 
(Powers and Heckman 2015; Vandenberk and Kalmar 2014). Additionally, amphet-
amines (primarily affecting levels of NE) amplify ∆F (Udina et al. 2010) whereas 
inhibition tends to linearize motor unit firing patterns (Revill and Fuglevand 2017). 
Thus, ∆F is proportional to the PIC amplitude, which is itself an indicator of the 
level of brainstem monoaminergic drive. The self-sustained firing that is a hallmark 
of the PIC is particularly important from functional significance standpoint. Indeed, 
even in the initial studies of PICs in cat motoneurons, it was appreciated that 
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motoneuron self-sustained firing behavior may be important for accomplishing sus-
tained motor output for control of posture (Hounsgaard et al. 1988).

In the past 20 years, a plethora of studies have employed the paired motor unit 
analysis technique to estimate the level of neuromodulation across a variety of dif-
ferent muscles in humans. Some of the earlier studies using this method were cen-
tered on quantifying ∆F during long-lasting spasms in spinal cord injury subjects 
(Gorassini et al. 2004). Subsequently, numerous investigators have used the paired 
motor unit analysis technique to obtain estimates of PICs in human arm (Hassan 
et al. 2019, 2020; Mottram et al. 2009; Wilson et al. 2015), trunk (Stephenson and 
Maluf 2010), and leg muscles (Foley and Kalmar 2019; Hassan et al. 2019; Kim 
et al. 2020; Oya et al. 2009). Until recently, most studies investigating the influence 
of PICs on human motor unit firing patterns were done using wires inserted into the 
muscle to record the activity of a handful of motor units (usually 1–5) during rela-
tively low-force contractions. The previously mentioned advances in HD sEMG and 
associated decomposition algorithms signify a major step in the field – one that has 
allowed the discrimination of tens of motor units from muscles throughout the body. 
As such, our lab and others have used these state-of-the-art techniques to measure 
∆F and other parameters of motor unit firing in upper and lower limb muscles 
(Afsharipour et al. 2020; Hassan et al. 2020; Kim et al. 2020; Taylor et al. 2020). 
These and other studies in humans have revealed striking differences in ∆F in mus-
cles throughout the body that likely reflect both the functional role and evolutionary 
precursors of the muscles in question. Nevertheless, our understanding of the rela-
tions between the structure of motor commands and the demands of motor tasks 
remains far from sufficient. Systematic analyses of muscles throughout the body 
will likely reveal the underlying structure of these motor commands and remains an 
area of active research (Johnson et al. 2017).

8 � Characteristics of Motor Unit Firing Patterns That 
Provide Estimates of Cellular Mechanisms: Estimation 
of the Spike Afterhyperpolarization

Temporal parameters of motor unit spike times during sustained activation can pro-
vide considerable information about intrinsic properties of motoneurons because 
repetitive firing of motoneurons is closely related to the post-spike AHP (Kernell 
1983). The post-spike AHP reflects Ca2+-mediated K+ currents, but since measuring 
directly from human motoneurons is not possible, we are reliant on methods that 
can estimate its duration from the variability of interspike intervals (ISI) during low 
frequency repetitive firing.

The relative variability in motor unit firing rates depends on the amplitude and 
duration of AHP, in addition to the amplitude and frequency content of concurrent 
synaptic noise (Powers and Binder 2000). Because of this, two methods have been 
developed to estimate the AHP duration in humans, both of which have been 
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validated in motoneurons of the cat: (1) variability analysis, and (2) interval death 
rate analysis. The variability of the ISI in relation to the mean ISI has an upward 
bend; the onset of the bend is related to the AHP duration, which can be appreciated 
with break point analysis of this relationship (Person and Kudina 1972; Piotrkiewicz 
1999). These break points were confirmed to be similar to the measured AHP dura-
tion, but are often difficult to measure and are therefore considered a relatively 
crude estimate of AHP duration (Powers and Binder 2000). The interval death rate 
analysis, on the other hand, uses the instantaneous probability of spike occurrence 
as a function of time since the last spike to estimate the AHP duration. In brief, ISI 
histories are plotted as histograms with small (i.e. 5 ms) bins, and the probability of 
that ISI being terminated (or “dying”) as a result of a subsequent spike is deter-
mined as a function of time since the last spike. The likelihood of a subsequent spike 
increases as the ISI becomes longer, until the AHP duration has been exceeded, in 
which case there is a plateau (Matthews 1996, 1999, 2002). The initiation of the 
plateau has been confirmed to reflect the AHP duration in cat motoneurons (Powers 
and Binder 2000).

These analysis techniques, and in particular the interval death rate analysis, have 
proven reliable for estimating the time course of AHP (MacDonell et  al. 2007), 
provided fruitful information on the intrinsic properties of motoneurons, and how 
these mechanisms contribute to normal motor control. The AHP duration estimated 
from the interval death rate analysis has an inverse correlation with the minimal fir-
ing rate of low threshold motor units. However, synaptic noise contributes to ISIs 
because the AHP is typically shorter than the duration of the ISI (MacDonell et al. 
2008). Post-spike AHP is also modulated by sensory input, such as antagonist mus-
cle vibration to induce Ia reciprocal inhibition or agonist muscle vibration to pro-
vide additional Ia excitatory synaptic input (MacDonell et  al. 2010). Reciprocal 
inhibition prolongs estimates of AHP duration, whereas excitatory input reduces 
estimates of AHP duration. This is probably due to the bombardment of excitatory 
synaptic noise, even when the firing rate of motor units is tightly controlled. 
Although the role that AHP duration plays in the minimal firing rate of low-threshold 
motor units seems quite clear, much work remains to be done if we are to under-
stand how AHP duration influences motor unit output and systematically differs 
across the human body.

9 � Characteristics of Motor Unit Firing Patterns That 
Provide Estimates of Cellular Mechanisms: Estimation 
of Motoneuron Post-synaptic Potentials from Motor Unit 
Firing Patterns

Two related methods have been developed to estimate the time course of EPSPs and 
IPSPs evoked by electrical stimulation of sensory inputs in humans, the post-
stimulus time histogram (PSTH) and the post-stimulus frequencygram (PSF). The 
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PSTH approach was first introduced by Gerstein and Kiang (1960) and measures 
the stimulus-induced change in the probability of a spike as a function of the time 
since the stimulus and has been used widely to infer PSPs caused by afferent and 
descending inputs. The limitations of this technique were acknowledged from the 
inception (Moore et al. 1970), but, with due consideration, this method remains use-
ful. The elegant work of Turker and Powers (1999, 2005, 2010) suggested that the 
post-stimulus frequencygram (PSF) would complement the PSTH approach. By 
comparing the estimates of PSPs with the PSTH and PSF approaches to measured 
PSPs from hypoglossal motoneurons recorded in slices of rat brain stem, Turker and 
Powers (1999) were able to highlight some key issues with the PSTH approach. 
Although the probability-based PSTH approach is useful for identifying the early 
portions of the PSP, later fluctuations in the probability of firing, which are increas-
ingly influenced by the initial advancement or delay of spikes, are often misinter-
preted as either excitatory or inhibitory events (Turker and Powers 2005). For 
example, the slow rising portion of an IPSP is often interpreted as an EPSP with the 
PTSH approach.

Multiple studies have since implemented this combined PSTH and PSF 
approaches with great success (Kahya et al. 2010; Norton et al. 2008; Yavuz et al. 
2014). For instance, the duration of the IPSP caused by painful stimulation to cuta-
neous afferents of the hand (i.e. cutaneous silent period) was shown to be signifi-
cantly longer with the PSF approach than was once believed with the PSTH approach 
(Kahya et al. 2010). A re-examination of the stretch reflex with a combined PSTH 
and PSF approach revealed that there is a prolonged excitatory (or multiple EPSPs) 
rather than a mixture of excitatory and inhibitory PSPs associated with a tendon tap, 
as was once believed with the exclusive probabilistic approach (Yavuz et al. 2014). 
Firing rate approaches have also improved our understanding of some underlying 
mechanisms of neurological impairment. For instance, Norton et al. (2008) showed 
that brief (~20 ms) cutaneomuscular stimulation causes a short (i.e. 300 ms) EPSP 
that is immediately followed by an intervening IPSP, with the latter component sup-
pressed following spinal injury. The recent developments described for simultane-
ous recording of many motor units have further advanced efforts to identify PSP 
time courses. For example, Yavuz et al. (2015, 2018) recently proposed a technique 
for estimating reflexes in large populations of motor units using HD sEMG. Combined 
with the PSF approach, they were able to non-invasively quantify both inhibitory 
and excitatory reflexes in large populations of individual motor units and to identify 
asymmetries in the distribution of reciprocal inhibition between antagonists at the 
ankle. These advances in technology in combination with improved methods of 
estimating PSPs will continue to provide information about the organization of syn-
aptic inputs involved in human motor commands.
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10 � Computer-Based Simulations to Study the Synaptic 
Organization of Motor Commands

The use of computer simulations to understand genesis of spinal motor output in 
humans has been underway for over 30 years. For example, the estimates of AHP 
and synaptic potentials in the work summarized above often use simulations to fur-
ther understand the results of their experiments (Matthews 1996; Norton et al. 2008; 
Powers et al. 2005). Our goal has been to understand the structure of motor com-
mands in terms of identifying the overall patterns of all three components of motor 
commands – excitation, inhibition and neuromodulation. As noted above, the initial 
efforts in this direction (Heckman 1994; Heckman and Binder 1991b, 1993a, b) 
failed to take into account the neuromodulatory component, which was found later 
to be crucial in understanding the genesis of human motor unit firing patterns. The 
Fuglevand model (Fuglevand et al. 1993) of the motoneuron pool and its muscle has 
been transformative for understanding the relations between basic recruitment and 
rate modulation patterns with EMG and force, but is based on incomplete motoneu-
ron models due to the omission of the profound influence of neuromodulation on 
motor output. The development of motoneuron models that include neuromodula-
tory inputs in a realistic fashion now provides the potential to advance the goal of 
understanding the interactions of all three components of motor commands (i.e. 
excitation, inhibition and neuromodulation).

Although the highly nonlinear effects of PICs on motoneuron input-output pro-
cessing remain difficult to understand in terms of their full functional implications 
(Binder et al. 2020), these nonlinearities have proven highly advantageous for esti-
mating PIC amplitudes from motor unit firing patterns. In theory, information about 
these inhibitory and neuromodulatory components could be sufficient to identify the 
temporal pattern of excitation. Therefore, estimating all 3 components of motor 
commands is the goal of our supercomputer-based simulations of motoneurons.

11 � Implementing Supercomputer-Based Simulations 
to Estimate Excitation, Inhibition and Neuromodulation

The supercomputing landscape has changed drastically over the last decade. In 
preparation for the end of Moore’s law (Moore 1965), it has increased in complexity 
with new architectures and programming models, hybrid machines, heterogeneous 
memory hierarchies and codes in constant refactoring to survive longer than the 
normal lifetime of a supercomputer. Supercomputers are currently so powerful that 
the horizons for some scientific fields had expanded considerably and it is just now 
that they can afford the resolution of problems at the level required by their chal-
lenging science. Upcoming U.S. exascale supercomputers to be delivered in 2021 
will be capable of performing one quadrillion calculations per second. Carefully 
designed to address the needs of projects spanning the three pillars: simulation, data 
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and learning, they are ready to accelerate research at unprecedented pace and shape 
the future of how neuroscientists are learning to decode the dialogue among neurons.

The exploding demand of artificial intelligence (AI) and big data projects was 
one of the motivations for a series of AI for Science town halls hosted by Argonne, 
Oak Ridge and Berkeley national laboratories to capture the big ideas, major chal-
lenges, advances in the next decade and next steps to realizing these opportunities. 
The result is a 224-page report (Stevens et al. 2020) which highlights the growing 
opportunities for sixteen main areas that emerged for AI applications in science and 
outlines the research and infrastructure needed to accelerate existing AI methods 
and techniques for science applications. The dawn of AI-enabled discovery in biol-
ogy has occurred and computational neuroscience has a merited place. Neuroscience 
challenges are mentioned in Sect. 3 (Biology and Life Sciences) of the report 
(Stevens et al. 2020) and here below we present our attempt to use supercomputers 
and AI to shed light into the basic elements for motor control.

Figure 6 illustrates our approach for taking advantage of supercomputers to 
advance our understanding of the cellular basis of motor commands. We focused on 
a simple motor behavior, a linearly rising and falling motor output (i.e., a triangle). 
For these simulations, a pool of 20 multi-compartment motoneuron models were 
derived from previously-developed models of the cat medial gastrocnemius moto-
neuron pool (Kim and Jones 2011, 2012; Kim et  al. 2009, 2014; Powers and 
Heckman 2017). These models accurately recreate our extensive current and volt-
age clamp data on how PICs affect motoneuron input-output functions (reviewed in 
Binder et al. 2020), but were modified to recreate the lower firing rates and more 
restricted recruitment range characteristic of human motor unit firing patterns dur-
ing moderate isometric contractions (Johnson et al. 2017). In each individual, the 
target was a linear increase and decrease in the summed firing patterns of all 20 
motoneuron models (this is essentially analogous to EMG) (bottom traces). In both 
simulations, inhibition is configured in a reciprocal pattern, i.e. starting at a modest 
background level and then decreasing as excitation increases. But the background 
level of neuromodulation is different, with PICs being 20% stronger in the simula-
tions on the right-hand side in Fig. 6. Even with moderate PIC amplitudes (Fig. 6, 
left) nonlinear patterns of both excitation and inhibition are required to achieve the 
target linear EMG output. The 20% increase in PIC amplitude sharply increases the 
nonlinearity of the input patterns that produce the linear EMG output, which is con-
sistent with our previous simulations showing how PICs distort the input-output 
functions of motor pools (Powers and Heckman 2017). Although the average of the 
firing rate outputs for all 20 model motoneurons (bottom traces) are indeed similar 
for these two neuromodulatory levels, as required by our simulation process, the 
motoneuron firing patterns are highly distinctive. These distinctive patterns clearly 
demonstrate the potential of extracting information about input structure from pop-
ulation recordings of motor units via array electrodes. We have run hundreds of 
thousands of these simulations so far, with the goal of determining which character-
istics of the firing patterns in the population output (e.g. average values of ∆F, post-
acceleration rate modulation slope, and spacing of recruitment between 
units – highlighted in Fig. 5) that best predict the input pattern of excitation, inhibi-
tion and neuromodulation. Our analyses thus far suggest that nonlinear regression 
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Fig. 6  Two examples of the input-output behavior of a model motoneuron pool (n = 20) run on a 
supercomputer at Argonne National Laboratory. Each simulation run was generated from a distinct 
pattern of the three components of motor commands: excitation (cyan trace, top), inhibition (pur-
ple trace, top), and neuromodulation (not shown but assumed to be constant at a specified level 
throughout each run). In all simulations, the output of the pool was defined as the average firing 
rate produced as the 20 model motoneurons were progressively activated and deactivated (purple 
trace, bottom). In each run, the temporal patterns of the excitatory and inhibitory synaptic conduc-
tances (cyan, purple traces, top) were varied until that particular combination of excitation, inhibi-
tion and neuromodulation successfully generated a near linear average firing pattern. In both 
examples, inhibitory command was set to follow a precisely reciprocal pattern compared to excita-
tion. On the left, neuromodulation was set to produce moderate amplitude PICs in motoneurons. 
On the right, PICs were increased by 20%. Thus, modest differences require large nonlinearities in 
the excitatory and inhibitory motor commands to achieve matching outputs. Despite the good 
output match, the firing patterns of the constituent model motoneurons show clear differences. 
These examples illustrate the potential power of using motoneuron firing patterns to identify the 
structure of motor commands

methods applied to combinations of these characteristics may consistently predict 
input patterns with r2 values of 0.75–0.80 and above. Thus, the approach is promis-
ing, and we plan to soon attempt analyses of human motor unit firing patterns, in 
both healthy and disease states.

12 � Conclusion

The past 10 years have been an exciting era for study of cellular mechanisms of 
motor output in the human. The availability of techniques to simultaneously record 
firing patterns of many motor units coupled with analyses methods based on 
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realistic computer simulations have great potential for understanding the cellular 
basis of motor output. One of the biggest surprises is that, at least during slow move-
ments, persistent inward currents (PICs) are a dominant feature of normal motor 
output. Implementation of motoneuron simulations with realistic implementations 
of PICs on supercomputers now allows systematic exploration of the set of synaptic 
inputs that produce a specified trajectory of motor output. Concerns that a huge 
range of excitation and inhibitory patterns could all produce nearly the same output 
are ameliorated by the highly nonlinear effects of PICs. Much further work needs to 
be done, but the hundreds of thousands of simulations we have performed so far 
have highly promising results.
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Motoneuronal Regulation of Central 
Pattern Generator and Network Function

Mélanie Falgairolle and Michael J. O’Donovan

Abstract  This chapter reviews recent work showing that vertebrate motoneurons 
can trigger spontaneous rhythmic activity in the developing spinal cord and can 
modulate the function of several different central pattern generators later in devel-
opment. In both the embryonic chick and the fetal mouse spinal cords, antidromic 
activation of motoneurons can trigger bouts of rhythmic activity. In the neonatal 
mouse, optogenetic manipulation of motoneuron firing can modulate the frequency 
of fictive locomotion activated by a drug cocktail. In adult animals, motoneurons 
have been shown to regulate swimming in the zebrafish, and vocalization in fish and 
frogs. We discuss the significance of these findings and the degree to which moto-
neurons may be considered a part of these central pattern generators.

Keywords  Motoneuron · Locomotion · Central pattern generator · Calcium 
imaging · Optogenetics

1 � Introduction

Motoneurons have been exhaustively investigated with intracellular recording 
methods since the early 1950s (Brock et al. 1952). Despite such intense study, work 
in the in the twenty-first century is providing new and exciting insights into their 
properties and functions. In this chapter, we will discuss these novel findings and 
consider their significance for motor function. We will first describe experiments 
that implicate motoneurons in the genesis of spontaneous activity in the developing 
spinal cord. We will then report the results of experiments in the mammalian spinal 
cord showing that motoneurons release an excitatory amino acid in addition to 
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Fig. 1  Calcium and voltage imaging shows that activity begins ventro-laterally in the cut 
transverse face of the lumbosacral cord of the chick embryo at the onset of an episode of 
spontaneous bursting. (a) Spontaneous burst recorded from the femorotibialis (Fem) and the 
sartorius (Sart) muscle nerves in an E11 chick embryo. The red box at the beginning of the episode 
shows the approximate timing of the images shown in panel b. The expanded region indicated by 
the arrow shows the integrated femorotibialis neurogram corresponding to the frames shown in 
panel b. The first frame (−1) is the frame before the onset of the electrical activity and this and the 
subsequent frames are demarcated by the bars over the simultaneously recorded femorotibialis 
neurogram. Note that the data in the inset and the images of panel b are from a different embryo 
than that shown in a. (b) Calcium imaging of the onset of a spontaneous episode like the one shown 
in panel a. The panels are single frame difference images (active-control) averaged from 3 separate 
episodes all synchronized to the onset of the electrical activity recorded from the femorotibialis 
nerve. The color map below the image shows the color mapping of the fully expanded 8-bit images. 
(c) Voltage-sensitive dye imaging of a spontaneous episode of activity imaged with a 128-photodiode 
array. Each small square in the image corresponds to the output of one of the photodiodes. The top 
left-hand panel (Anti) shows the signals accompanying antidromic stimulation of the homony-
mous ventral root. The colored outlines identify the diodes whose signals were averaged together to 
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acetylcholine at their terminals with Renshaw cells and provide feedback to regulate 
the locomotor central pattern generator. This will be followed by a discussion of 
motoneuronal feedback to rhythmic circuits in several systems and we will con-
clude by considering the relevance of the new findings for motor network function.

2 � The Role of Motoneurons in Initiating Spontaneous 
Bursting in the Developing Spinal Cord

Early in development, vertebrate embryos exhibit spontaneous movements that are 
crucial for the proper functioning of joints, muscles, and neural networks (Toutant 
et al. 1979; Hall and Herring 1990; Borodinsky et al. 2004; Hanson and Landmesser 
2004; Wenner 2014). These movements are generated by spontaneously active neu-
ral networks in the spinal cord (Provine et al. 1970; Landmesser and O’Donovan 
1984). At embryonic day 4 (E4) in the chick embryo, spontaneous bursting can be 
recorded from lumbosacral motoneurons before their axons have innervated limb 
muscles (Milner and Landmesser 1999). At this stage, the neurotransmitter acetyl-
choline drives the spontaneous episodes and is thought to originate from motoneu-
rons (Milner and Landmesser 1999) which are among the earliest spinal neurons to 
differentiate (Hamburger 1990). More direct evidence for the role of motoneurons 
in the initiation of spontaneous activity emerges later in development when moto-
neurons have innervated their respective limb muscles. At E10–11, calcium (Fig. 1b) 
and voltage sensitive dye (Fig. 1c, d) imaging reveals that an episode of spontaneous 

Fig. 1  (continued) provide the colored traces in panel d. The numbered panels correspond to the 
signals averaged from frames acquired during the temporal windows indicated in panel d. Panel 1 
is the average of 105 fames (67 ms) before the onset of the main ventral root discharge indicated 
by the grey dotted line in d and amplified 4-fold compared to the remaining panels. Panels 2–8 
were averaged from 45 frames (29 ms) and the data were acquired at 636 frames/s. The arrow 
shows that the earliest detectable activity begins over the motor nucleus from where it spreads 
contralaterally and ventro-dorsally. The data were combined from 2 E10 embryos and synchro-
nized to the onset of the electrical activity. (d) Comparison between the timing of the optical sig-
nals and the low-passed ventral root activity (VR DC) and the integrated ventral root discharge (VR 
int.). (Modified from Arai et al. 2007). (e–h) Voltage-sensitive dye imaging reveals that the pattern 
of activity seen at the onset of a spontaneous burst recurs during each subsequent cycle of activity. 
(e) An episode of rhythmic activity initiated by a single stimulus to a dorsal root in an E10 embryo. 
The optical recording is from a single diode located over the motor nucleus ipsilateral to the ventral 
root recording. The dotted lines indicate the initiation of ventral root discharge. VR DC – ventral 
root activity filtered from DC-20Hz. VR Int – ventral root spiking. (f) Comparison of the timing of 
the ventral root electrical activity with the optical signals averaged from multiple diodes over three 
regions of the cord as shown in panel H. Note that with the exception of the first cycle, optical 
activity arises over the motor nucleus and propagates dorsally in each cycle. (g) Expansion of the 
rectangular region shown at the start of first cycle in f, showing that the dorsal root stimulus (s) 
initially triggers dorsal activity that subsequently propagates dorso-ventrally. (h) Transverse sec-
tion of the cord showing the superimposed diode signals. The motoneurons (green) were labeled 
with DiO and the dorsal roots (red) with DiI. The diodes signals indicated in the different colors 
were averaged to generate the optical signals shown in (f). (Modified from Arai et al. 2007)
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activity begins in the region of the motor nucleus and spreads to encompass the rest 
of the cord from there (O’Donovan et al. 1994; Arai et al. 2007) (Fig. 1). Voltage-
sensitive dye imaging also demonstrated that the initial optical activity over the 
motor nucleus occurred at the onset of each cycle of activity in the episode, suggest-
ing that motoneurons were critical for rhythmogenesis in this preparation (Fig. 1e–
g). Consistent with motoneurons initiating a spontaneous episode, it was found that 
an episode could be triggered by a brief train of stimuli applied to motor axons in a 
deafferented muscle nerve or ventral root. Further work revealed that the connection 
between motoneurons and the spinal motor network was mediated by the projection 
of motoneurons to the avian equivalent of mammalian Renshaw cells – R-interneurons 
(Wenner and O’Donovan 1999).

Although R-interneurons release the inhibitory neurotransmitter GABA (Wenner 
and O’Donovan 1999), their synaptic actions are depolarizing because the chloride 
equilibrium potential is elevated above rest potential in developing spinal neurons 
(Chub and O’Donovan 2001). To show that R-interneurons were the likely media-
tors communicating the motoneuronal activity to the rest of the network, we applied 
a calcium-sensitive dye to the ventrolateral funiculus to back-label the interneurons 
whose axons projected therein. The cut transverse face of the cord was then imaged 
during stimulation of motor axons sub-threshold for initiating an episode of burst-
ing (Fig.  2a, panel labeled VR-stim). Intracellular recording from individual 
R-interneurons confirmed that the  labeled region contained the neurons activated 
monosynaptically by ventral root stimulation of motoneurons (Wenner and 
O’Donovan 2001). Once this location was established, we then identified the first 
region to become active during a spontaneous episode and found it overlapped with 
the R-interneuron region (Fig. 2 panels 2 and 3). One limitation of these experi-
ments is that only a subset of ventral interneurons is labeled with the calcium-
sensitive dye applied to the ventro-lateral funiculus. Nevertheless, the observation 
that the first region to become active at the onset of a spontaneous episode contains 
neurons monosynaptically activated by motoneurons is consistent with their role in 
communicating the initial motoneuron activity to the rest of the network. However, 
we also found that the motoneuron-R-interneuron pathway was not obligatory for 
transmitting motoneuron activity to the rest of the network because when the recur-
rent connection between motoneurons and R-interneurons was depressed by cholin-
ergic antagonists, spontaneous activity still occurred (Fig.  2b) but under this 
condition the interneuronal activity following motoneuronal bursting began medial 
to the motor column and not in the R-interneuron area (Wenner and O’Donovan 2001).

We were concerned that activation of afferent fibers in the ventral roots 
(Coggeshall 1979) might contribute to the optical signals, so we performed experi-
ments in the presence of CNQX and APV to block glutamatergic transmission. We 
found that neither the amplitude nor the location of the optical signals changed 
indicating that any contribution from afferent excitation was negligible (Wenner and 
O’Donovan 2001).

Similar findings have been made in the developing mouse spinal cord where a 
single stimulus to a ventral root can trigger a network burst (Hanson and Landmesser 
2003). This is illustrated in Fig. 3b, which shows electrical recordings from the left 
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Fig. 2  Recruitment of interneurons retrogradely labeled with calcium green dextran at the 
onset of a spontaneous episode under control conditions and in the presence of cholinergic 
blockade. (a) The left most panel shows the cut transverse face of a single segment of the cord in 
which calcium green dextran was backfilled bilaterally from the ventrolateral funiculus (VLF 
backfill). The lateral motor columns (LMC) and the R-interneuron regions (R) are outlined. The 
next panel shows the optical signal averaged from 10 successive frames generated in response to a 
train of stimuli applied to the ventral root on that side of the cord. The other R-interneuron region 
was defined similarly. The remaining frames (1–6) show the interneuronal activity at the onset of 
a spontaneous episode. The activity commences in the R-interneuron region on that side of the 
cord (arrow) and propagates contralaterally from there. (b) The same cord section is shown during 
a spontaneous episode occurring in the presence of cholinergic antagonists. Under this condition 
the optical activity emerges bilaterally and medial to the lateral motor column (arrows) and intensi-
fies to occupy most of the ventral cord. The frame rate was 30 Hz. The images in A were averaged 
from 4 episodes and those in B from 3 episodes. (Modified from Wenner and O’Donovan 2001)
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Fig. 3  Stimulation of motoneuron axons in the sciatic nerve triggers network bursts in the 
embryonic mouse spinal cord. (a) Immunocytochemistry for the vesicular acetylcholine trans-
porter (VAChT) in an E12.5 mouse embryo. Notice the limited extent of the VAChT positive neu-
rites (asterisks) and the projections into the lateral (LF) and ventral (VF) funiculi. (b) Single 
stimuli applied at increasing current intensities to the left sciatic nerve. At the lowest intensity (top 
traces) no bursts are evoked in the left and right ventral roots. As the stimulus intensity is increased 
an ipsilateral burst is evoked and at the highest intensity bursting propagates and can be recorded 
contralaterally. (c) Schematic showing the hypothesized circuitry responsible for the local (Local 
Circuit) and the propagating (Entire Circuit) bursts. MN motoneuron, GLY N glycinergic neuron, 
Sen R sensitive receptor, Mec + dTC mecamylamine + d-tubocurarine, DHβE dihydro-β-
erythroidine hydrobromide, Stryc strychnine. (Modified from Hanson and Landmesser 2003. 
Copyright (2003) Society for Neuroscience, U.S.A)

and right sciatic nerve while stimulating the left sciatic nerve at increasing intensity 
in an E12.5 mouse embryo. At the lowest intensities (top traces) no bursts are 
evoked; with higher intensity a burst is evoked ipsilateral to the stimulated root 
(local burst) and at the highest intensity (lowest traces) bursts are evoked on both 
sides of the cord (propagated burst). The hypothesized circuitry responsible for the 
local and propagated bursts is shown in Fig. 3c. The local burst is presumed to be 
generated by reciprocal cholinergic connections between motoneurons and depolar-
izing responses from GABAergic neurons activated by motoneuron collaterals  – 
presumably Renshaw cells. The propagated burst is hypothesized to be generated by 
motoneuronal connections with a glycinergic interneuronal population that projects 
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to motoneurons and Renshaw cells in other segments and also contralaterally 
(Hanson and Landmesser 2003). It is not clear whether this glycinergic neuron is a 
novel cell class, because although Renshaw cells are known to project to each other, 
contralateral projections have not been demonstrated in the adult.

3 � Excitatory Effects of Ventral Root Stimulation on Neonatal 
Mammalian Spinal Networks

The excitatory effects of ventral root stimulation on spinal networks persist into the 
neonatal period in both the mouse and rat. Stimulation of a ventral root can trigger 
bursting in an adjacent root (Nishimaru et al. 2005; Machacek and Hochman 2006) 
and entrain disinhibited bursting in both the neonatal rat (Machacek and Hochman 
2006) and the mouse (Bonnot et al. 2009) spinal cords. However, unlike the situa-
tion earlier in development, these excitatory effects are labile, and they are not 
observed in every preparation. For example, in the neonatal mouse spinal cord, the 
ability to entrain bursting depends on the stimulated ventral root and varied from a 
minimum of ~15% for L2 stimulation to a maximum of ~50% for stimulation of the 
L6 root (Bonnot et al. 2009). In the neonatal rat spinal cord in vitro, entrainment of 
disinhibited bursting was observed in 4/11 experiments in P11–P14 rats (Machacek 
and Hochman 2006). In this study, other excitatory effects of ventral root stimula-
tion, including ventral root evoked bursting in motoneurons and modulation of the 
frequency of the locomotor rhythm were seen in younger animals. Excitatory effects 
were observed in ~18% of the preparations although their frequency increased in 
the presence of bath-applied noradrenaline. The reason for this variability is 
unknown. In the neonatal rat, the latency of the VR-evoked bursts in the ventral 
roots was compatible with a disynaptic pathway, suggesting that motoneurons proj-
ect to an excitatory interneuron that in turn projects back to motoneurons. Evidence 
for such a recurrent excitatory pathway in the neonatal mouse was found when it 
was demonstrated that stimulation of a ventral root produces monosynaptic EPSPs 
in glutamatergic V3 interneurons that in turn, project monosynaptically back to 
motoneurons (Chopek et al. 2018), and that motoneurons also make recurrent pro-
jections to glutamatergic spinocerebellar neurons (Chalif et al. 2022). However, the 
extent to which these connections mediate the excitatory effects of motoneurons is 
not clear, because there is no evidence that they are variable or labile.

4 � Motoneuronal Regulation of Locomotion

The study of locomotion has been greatly facilitated using preparations in which the 
movements accompanying locomotion have been abrogated. In adult animals, this 
can be achieved by paralyzing muscles (Viala and Buser 1969; Grillner and Zangger 
1979; Iles and Nicolopoulos-Stournaras 1996; Meehan et al. 2012) and in neonatal 
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Fig. 4  Stimulation of the sciatic nerve with cut dorsal roots can evoke an episode of fictive 
locomotion in the isolated cord of the neonatal mouse. (a) Comparison between an episode of 
locomotor-like activity triggered by a train of stimuli (4 Hz for 10  s) applied to either the de-
afferented sciatic nerve (left hand panels) or a dorsal root (right hand panels), under control condi-
tions, in the presence of cholinergic blockers (50 μM mecamylamine, 50 μM dihydro-β-erythroidine, 
and 5 μM atropine), cholinergic blockers plus APV (100 μM) followed by washout of the drugs. 
The recordings are DC coupled from the left (L) and right (R) Lumbar(L) 1 ventral roots. (b and c) 
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animals where the spinal cord is isolated and detached from the musculature 
(Grillner and Wallén 1980; Kudo and Yamada 1987; Smith and Feldman 1987; 
Whelan et al. 2000). Because no movements accompany the activity, it is referred to 
as fictive locomotion or locomotor-like activity. In such preparations, fictive loco-
motion is characterized by a rhythmic alternation between flexor and extensor mus-
cle nerves and between bilateral flexor or extensor muscle nerves. A further 
simplification occurs in the isolated spinal cord preparation because the rostral lum-
bar ventral roots (L1 and L2) comprise predominantly flexor motoneurons and the 
caudal lumbar roots (L5 and L6) mostly extensor motoneurons (Cazalets et al. 1992; 
Kiehn et al. 1992). In the isolated spinal cord of the mouse, locomotor-like activity 
can be induced by a cocktail of drugs including NMDA (n-methyl-D-aspartate) and 
serotonin which can also be supplemented with dopamine (Jiang et al. 1999; Whelan 
et al. 2000). In addition, tonic low frequency (1–4 Hz) stimulation of sensory affer-
ents in the dorsal roots or the locomotor centers in the brainstem can trigger loco-
motion in the neonatal mouse and rat spinal cords (Whelan et al. 2000; Zaporozhets 
et al. 2004)

The role of motoneurons in locomotion was first examined in the isolated lam-
prey spinal cord. This was done by antidromically stimulating a ventral root during 
fictive swimming induced by drugs (Wallen 1984). It was found that antidromic 
stimulation of 1–3 ventral roots failed to modify the ongoing locomotor pattern or 
frequency (Wallen 1984), suggesting that motoneuronal activity does not modulate 
the swimming central pattern generator. However, subsequent work in the fictively 
swimming Xenopus tadpole, challenged this idea by showing that the amplitude of 
the rhythmic drive potentials recorded from spinal interneurons was reduced by 
~20% in the presence of bath-applied nicotinic antagonists (Perrins and Roberts 
1995). Initially it was assumed that the source of acetylcholine was motoneurons, 
but later work revealed that spinal glutamatergic interneurons could also release 
acetylcholine (Li et al. 2004), raising doubts about this assumption.

In mammals, studies of the role of motoneurons in locomotion have been 
restricted to isolated preparations of neonatal mice (Mentis et al. 2005; Humphreys 
and Whelan 2012; Falgairolle et al. 2017) and rats (Machacek and Hochman 2006). 
In the de-afferented isolated cord of the neonatal mouse, low frequency (1–4 Hz) 
tonic stimulation of a ventral root or the deafferented sciatic nerve can trigger an 
episode of locomotor-like activity (Fig. 4) (Mentis et al. 2005).

Fig. 4  (continued) Motoneurons release acetylcholine and an excitatory amino acid at their 
terminals with Renshaw cells. (b) Synaptic potentials recorded from a Renshaw cell in response 
to a single stimulus (arrow) applied to the ipsilateral ventral root. In the presence of cholinergic 
blockade (Chol. Block), a small potential persisted that had the same latency as the pre-drug poten-
tial (see inset). The smaller potential was abolished by glutamatergic antagonists (100 μM APV 
and 10 μM CNQX). (c) Voltage clamp recordings of a Renshaw cell following a single stimulus to 
the ipsilateral ventral root. After application of the nicotinic antagonist mecamylamine (50 μM 
Chol. Block) the evoked current was reduced and subsequently almost abolished when the broad-
spectrum glutamatergic antagonist kynurenate (2 mM) was added. In the lower traces, the order of 
antagonists was reversed so that the glutamatergic antagonists (20 μM CNQX and 20 μM AP5) 
were applied first followed by the addition of 50 μM mecamylamine. (Panels a and b modified 
from (Mentis et al. 2005) and c from (Nishimaru et al. 2005) Copyright (2005) National Academy 
of Sciences, U.S.A)
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The locomotor-like activity evoked by ventral root stimulation was blocked by 
ionotropic glutamate antagonists but not by cholinergic antagonists or a gap junc-
tion blocker (carbenoxolone). This was a very surprising result given that acetylcho-
line was assumed to be the only fast neurotransmitter released from motoneurons. 
However, it was shown that motoneurons release from their synaptic connections 
with Renshaw cells, an excitatory amino acid that binds to glutamatergic receptors 
(Fig. 4b, c) (Mentis et al. 2005; Nishimaru et al. 2005). Whether glutamate or aspar-
tate is activating glutamatergic receptors has not yet be resolved (Richards et al. 
2014). Nevertheless, if the excitatory effects of motoneurons were mediated by an 
excitatory interneuron then presumably both glutamatergic and cholinergic recep-
tors would be activated when motoneurons were stimulated. The discovery that the 
excitatory projections of motoneurons to V3 interneurons were exclusively gluta-
matergic in the neonatal mouse spinal cord (Chopek et al. 2018) provided a possible 
explanation for this effect. Unfortunately, it is not clear that V3 interneurons medi-
ate the locomotor actions of ventral root stimulation because optogenetic activation 
of V3 interneurons slows the locomotor rhythm (Danner et al. 2019) and silencing 
them leads to increased variability of the cycle length and flexor bursting (Zhang 
et  al. 2008). A more likely candidate for mediating the effects of motoneuronal 
activity on the CPG are ventral spinocerebellar neurons that receive glutamatergic 
and cholinergic input from motoneurons in the neonatal mouse cord (Chalif et al. 
2022). This is because optogenetic hyperpolarization of these neurons blocked the 
ability of motoneuron stimulation to trigger the locomotor rhythm in the neonatal 
mouse spinal cord, and these neurons were shown to be both necessary and suffi-
cient for the generation of the locomotor rhythm in the neonatal mouse spinal cord 
(Chalif et al. 2022).

5 � Ventral Root Afferents

One complicating factor in attributing the excitatory effects of ventral root stimula-
tion to motor axons in the ventral roots is the possibility that they are mediated or 
complimented by the activation of sensory afferents that enter the cord through the 
ventral roots (Coggeshall 1979), or by excitation of sensory neurons in the ventral 
root itself (Windle 1931; Yamamoto et al. 1977). The existing data on this issue is 
somewhat contradictory. For example, direct injection of horseradish peroxidase 
into the spinal cord, labels cell bodies in the dorsal root ganglion when the dorsal 
roots have been cut (Maynard et al. 1977). Furthermore, a few studies using horse-
radish peroxidase applied to the ventral roots have revealed the existence of the 
occasional axon projecting to the dorsal horn and to preganglionic sympathetic neu-
rons (Light and Metz 1978; Mawe et al. 1984; Beattie et al. 1987). Whether these 
projections are functional is unclear because activation of ventral root afferents 
could excite spinal neurons only if the dorsal roots remained intact (Clifton et al. 
1976; Chung et al. 1983, 1985). Furthermore, more recent work has suggested that 
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ventral root afferents end blindly, innervate the meninges or loop into the dorsal root 
(Shin et al. 1986; Hildebrand et al. 1997) contradicting the work showing dorsal 
root ganglion cells labeled from within the de-afferented cord. If ventral root affer-
ents exist in the neonatal mouse is not known. However, it seems unlikely that such 
projections, even if they exist in the neonatal mouse, can account for the ability of 
ventral root stimulation to activate the locomotor CPG, because electrical stimula-
tion of the dorsal root ganglion, with the dorsal roots cut, does not trigger locomotor 
activity (Pujala et al. 2016), although such stimulation would probably not activate 
neurons in the ventral root (Windle 1931; Yamamoto et al. 1977).

6 � Optogenetic Manipulation of Motoneuron Activity 
During Locomotion

One approach to circumvent the potential activation of ventral root afferents, is to 
manipulate the firing of motoneurons directly and to establish if this affects the 
function of the locomotor CPG. In the neonatal mouse, this was accomplished in a 
series of optogenetic experiments in which the light-sensitive opsin archaerhodop-
sin was introduced into cholinergic neurons expressing the enzyme responsible the 
synthesis of the neurotransmitter acetylcholine (choline acetyltransferase -ChAT) or 
neurons expressing the transcription factor islet-1, of which motoneurons are a sub-
set (Falgairolle et al. 2017). Archaerhodopsin is a light-gated outward proton pump 
that hyperpolarizes neurons (Chow et al. 2010) and independently reduces synaptic 
transmission (El-Gaby et al. 2016) when illuminated with green light. During drug-
induced locomotor-like activity, illumination of cords expressing archaerhodopsin 
in either ChAT-positive or Islet1 expressing neurons transiently abolished or slowed 
the locomotor rhythm and often made it less regular (Fig. 5).

To control for the intra- and extracellular changes in pH that accompany activa-
tion of archaerhodopsin (Chow et al. 2010), similar experiments were performed in 
ChAT+ neurons expressing another hyperpolarizing opsin – halorhodopsin. In con-
trast to archaerhodopsin, halorhodopsin is a light-gated chloride channel that hyper-
polarizes the cell membrane by moving chloride ions into the cell (Zhang et  al. 
2007). Illumination of halorhodopsin during locomotor-like activity had similar 
results to the archaerhodopsin experiments indicating that changes in pH were not 
responsible for the slowing and disruption of the locomotor rhythm (Falgairolle 
et  al. 2017). When the light was turned off in either experiment, the bursting of 
motoneurons was transiently enhanced and this was accompanied by a correspond-
ing increase in the locomotor-like frequency. Confirmation that increased motoneu-
ron firing could accelerate the locomotor-like frequency came from experiments in 
which the excitatory opsin channelrhodopsin was introduced into ChAT+ neurons. 
The pharmacology of the modulatory effects of motoneuron firing on the locomotor-
like rhythm were similar to that of the locomotor-like activity evoked by ventral root 
stimulation. Specifically, it was not blocked by cholinergic antagonists but was 
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Fig. 5  Optogenetic hyperpolarization of motoneurons transiently abolishes and disrupts the 
locomotor rhythm during drug-induced fictive locomotion. (a) Z-stack projection of a 60μm 
transverse section of the second Lumbar (L2) segment of a P3 mouse spinal cord in which cholin-
ergic (ChAT) neurons expressed the inhibitory opsin archaerhodopsin (Arch) coupled to enhanced 
green fluorescent protein (eGFP). (b) Green light (timing indicated by green bar) transiently inhib-
its and disrupts the locomotor rhythm induced by NMDA and serotonin in a ChAT/Arch animal. 
The lowest trace is an intracellular recording from an antidromically identified motoneuron. (c) 
Z-stack projection of a 60 μm transverse section of the L5 segment of a P2 mouse spinal cord in 
which Islet-1 positive neurons express archaerhodopsin coupled to eGFP. (d) Green light tran-
siently suppresses and disrupts the locomotor rhythm induced by NMDA and serotonin in the 
Islet-1/Arch animal. The light grey lines superimposed on the neurograms in b and d are the slow 
potentials obtained by low pass filtering the raw ventral root signals (black traces). (Modified from 
Falgairolle et al. 2017)

abrogated by the AMPA receptor antagonist CNQX and persisted in the presence of 
carbenoxolone to block gap junctions. Ventral spinocerebellar neurons, which have 
reciprocal excitatory and electrical connections with motoneurons, are an obvious 
candidate to mediate the modulation of the CPG by motoneurons because their 
optogenetic excitation activates the locomotor rhythm and their hyperpolarization 
abolishes it (Chalif et al. 2022).

7 � Motoneuronal Regulation of Central Pattern Generating 
Circuitry in Non-mammalian Vertebrates

Motoneurons have been shown to regulate central pattern generator function for 
swimming and vocalization in fish and frogs. We will first consider the role of moto-
neurons in the regulation of fictive swimming in the adult zebrafish and then discuss 
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the motoneuronal control of vocalization in toadfish and the frog Xenopus Laevis. 
The adult zebrafish can generate fictive swimming in response to tonic stimulation 
applied between the brainstem and the spinal cord (Gabriel et al. 2008). Research in 
this preparation had revealed that the rhythmic drive to motoneurons during fictive 
swimming is derived from a class of excitatory glutamatergic interneurons (V2a) 
that express the Chox-10 transcription factor (Eklof-Ljunggren et al. 2012). These 
interneurons express pacemaker properties and are organized into modules that are 
sequentially recruited as swimming speed increases (Ampatzis et al. 2014). They 
form hybrid chemical bidirectional electrical synapses with motoneurons (Song 
et al. 2016) so that motoneuron depolarization or hyperpolarization is transmitted 
electrotonically to the V2a synapses on motoneurons which increases or attenuates 
transmitter release from the V2a synapse (Fig. 6b). Furthermore, changes in moto-
neuronal membrane potential can regulate the membrane potential of the V2a inter-
neurons and thereby affect their firing (Fig. 6c). When motoneurons expressing the 
inhibitory opsin halorhodopsin were illuminated by yellow light, swim episodes 
were shortened and occurred at a reduced frequency (Fig. 6d). This was accompa-
nied by hyperpolarization of the V2a interneurons sufficient to block firing, thereby 
reducing the excitatory drive to motoneurons (Song et al. 2016). It seems unlikely 
that a similar mechanism accounts for the modulation of the locomotor rhythm in 
the neonatal mouse spinal cord because the phenomenon persists in the presence of 
the gap junction blocker carbenoxolone (Falgairolle et al. 2017) and motoneurons 
are not electrically coupled to V2a interneurons in the mouse spinal cord (Bhumbra 
and Beato 2018).

Another system in which gap junctions between motoneurons and interneurons 
may be involved in the regulation of a CPG, is the vocalization network of toadfish. 
Toadfish make two types of vocalization – grunts and boatwhistles (advertisement 
calls)  – that are produced by superfast muscles attached to the swim bladder 
(Chagnaud and Bass 2014). The frequency of the rhythm is generated by the vocal 
pacemaker nucleus and the duration of the vocalization by the vocal pre-pacemaker 
nucleus located in the hindbrain (Chagnaud et al. 2011) (Fig. 7a). Vocal motoneu-
rons are extensively connected through gap junctions to the premotor interneurons 
generating the vocal input to motoneurons including the neurons of the pacemaker 
nucleus (Bass et al. 1994), suggesting that they can directly influence pacemaker 
function. Moreover, antidromic stimulation of the vocal nerve reveals a short latency 
depolarization in intracellularly recorded motoneurons indicative of electrical cou-
pling between motoneurons. As the stimulus intensity is increased a short latency 
hyperpolarization is also recorded. This is unlikely to be due to classic recurrent 
inhibition mediated by Renshaw cells because the vocal motoneurons lack recurrent 
collaterals (Chagnaud and Bass 2014), and appears to be the result of electrical 
coupling between motoneurons and a glycinergic interneuron. It is hypothesized 
that this antidromically driven inhibition is essential for repetitive firing of the vocal 
motoneurons because intracellular depolarization of individual motoneurons does 
not result in repetitive firing possibly because of weak repolarization after the action 
potential (Chagnaud et  al. 2021). Thus, motoneuronal activity may contribute 
directly to the depolarization of the pacemaker neurons and to the synchronization 
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Fig. 6  Hyperpolarizing motoneurons expressing halorhodopsin lowers the swim frequency 
and shortens the duration of the swim bout in the adult zebrafish. (a) Micrograph of the spinal 
cord showing motoneurons (MNs) expressing halorhodopsin coupled with mCherry (NpHR-
mCherry, red) and V2a interneurons (V2a Ins) expressing Chox10 coupled with GFP (Chx10-GFP, 
green). (b) Intracellular recordings showing that yellow light on the cord hyperpolarizes the moto-
neuron (MN, upper red trace) and also the V2a interneuron (V2a IN, lower green trace). (c) 
Intracellular recording from a V2a interneuron showing that light-induced hyperpolarization of 
motoneurons can block firing in the interneuron during a swim episode. (d) More frequently, how-
ever, motoneuron hyperpolarization reversibly slows the swim frequency and shortens the swim 
duration recorded in a V2a interneuron. Top trace control, middle trace light-induced hyperpolar-
ization of motoneurons, lowest trace recovery. In all panels the duration of the light stimulus is 
shown by the yellow bar. (Modified from Song et al. 2016 with permission)

of the motoneuronal bursts through gap junctional coupling (Chagnaud et al. 2021). 
Whether these gap junction connections are hybrid chemical/electrical synapses, as 
in the connection of spinal motoneurons to V2a neurons in the zebrafish, is 
not known.

Xenopus Laevis is another species in which motoneuronal activity can modulate 
a vocal CPG (Lawton et al. 2017). In male frogs this CPG produces mating songs 
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Fig. 7  Motoneurons regulate the vocalization circuitry in the toadfish and in Xenopus Laevis. 
(a) Schematic of the nuclei and connectivity in the circuit controlling vocalization in the toadfish. 
Motoneurons in the vocal motor nucleus (VMN) are gap-junction coupled to excitatory interneu-
rons in the vocal pacemaker nucleus (VPN) and to a glycinergic inhibitory population. The VPN 
sets the frequency of the calls and is controlled by the vocal pre-pacemaker nucleus (VPP) that 
determines the call duration. It is hypothesized that motoneuronal activity feeds back to the VPN 
and glycinergic populations through gap junctions to regulate its function. (Modified from Fig. 9 in 
Chagnaud et al. 2021). (b) The organization of the vocal circuitry in Xenopus Laevis. b1. The vocal 
circuit comprises a premotor nucleus containing neurons that generate fast trills that project excit-
atory connections to motoneurons innervating the larynx. The hypothetical intracellular recordings 
from these premotor interneurons (shown on the right) illustrate how the proposed inhibitory feed-
back (grayed area) slows the frequency and synchronizes the population activity (lower panel). b2. 
The effect of interrupting the feedback from the motor nucleus to the premotor interneurons either 
by silencing motoneuron firing with QX-314 (an intracellular sodium channel blocker) or by sec-
tioning the preparation between the premotor nucleus and the motor nucleus abolishes the feed-
back inhibition leading to an increased frequency of firing and population asynchrony of the fast 
trill neurons. (Modified from Lawton et al. 2017)

which can be activated in  vitro by bath applying serotonin to the isolated brain 
(Zornik and Yamaguchi 2012). The evoked song comprises a brief ‘trill’ at 50–60 Hz 
and lasting ~500 ms which is similar to the naturally occurring vocalizations. The 
laryngeal motoneurons are driven by premotor neurons termed fast trill neurons that 
are located in the dorsal tegmental area of the medulla (DTAM). There is also an 
ascending inhibitory projection from the laryngeal motor nucleus to the DTAM 
(Fig. 7b1). When laryngeal motoneuron activity is silenced by retrograde loading of 
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motoneuron axons with the sodium channel blocker QX-314, the fast trill neurons 
fire faster and asynchronously instead of synchronously (Fig. 7b2). This modulation 
appeared to be mediated by recurrently activated inhibitory neurons that synapse on 
the fast trill neurons. Whether or not these inhibitory neurons are the equivalent of 
mammalian Renshaw cells is not known. Spinal Renshaw cells are not known to 
project to locomotor CPG neurons and silencing them pharmacologically in the cat 
(Pratt and Jordan 1987) or genetically in the mouse (Enjin et al. 2017) has minimal 
effect on the locomotor pattern.

8 � Concluding Remarks

The finding that motoneurons can regulate central pattern generator function and 
project to several different interneuronal types raises several fascinating questions. 
First, because motoneuronal excitation of the CPG increases the firing of motoneu-
rons, this could lead to runaway excitation of the CPG by positive feedback. Since 
such runaway excitation does not occur, it is likely that the excitation is balanced by 
inhibition. Currently only inhibitory Renshaw cells receive input from motoneu-
rons, and their activity is not believed to significantly affect locomotion (Pratt and 
Jordan 1987; Enjin et al. 2017). However, in the Vglut2 knockout mouse, stimula-
tion of a ventral root can inhibit and slow rhythmogenesis (Talpalar et al. 2011), 
potentially providing inhibitory feedback from motoneurons to the CPG. Whether 
this pathway can inhibit the CPG in the intact cord is not clear because electrical 
stimulation of the ventral roots accelerates the drug-induced locomotor rhythm 
(Machacek and Hochman 2006). It is possible, therefore, that motoneurons synapse 
with another class of inhibitory interneuron in addition to Renshaw cells as hypoth-
esized by Hanson and Landmesser in their work on the developing mouse lumbar 
cord (Hanson and Landmesser 2003) (Fig. 3c).

The presence of motoneuronal projections to spinal interneurons including V3 
(Chopek et al. 2018) and spinocerebellar interneurons (Chalif et al. 2022) raises the 
question of additional functions of recurrent excitation within spinal and ascending 
circuits. One potential function of such projections could be efference copy. It is 
well established that sensory feedback from muscle proprioceptors and joint recep-
tors provides information about the movements produced by muscle contraction. 
The existence of direct feedback from motoneurons provides the efferent signal 
driving muscle contraction. Thus, the intended action (motoneuronal activity) and 
the actual action (sensory feedback from muscles) can be compared both within 
spinal circuits and/or remotely in the cerebellum (Wolpert and Miall 1996; Popa and 
Ebner 2018). It might be argued that central command coming from the CPG or 
from descending control systems might be sufficient for efference copy. However, 
given the multiplicity of inputs to motoneurons and the non-linear behavior of the 
motoneuron membrane, such signals would provide a poor representation of the 
firing behavior of the motoneuron and the command signal to muscle.
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It is not known if motoneurons regulate locomotion in the adult rodent. This has 
not been addressed experimentally because of the challenges of studying the issue 
in the mature spinal cord. However, with the development of isolated sacral cord 
(Manuel et al. 2012) and decerebrate preparations of the adult mouse that can gener-
ate fictive locomotion (Nakanishi and Whelan 2012), it should be possible to answer 
the questions using opto- or chemo-genetics. In addition, we do not know if all 
classes of motoneuron are capable of modulating locomotor activity or whether it is 
restricted to a subset. Previous work has suggested that type S motoneurons or even 
gamma motoneurons might mediate the effects (Pujala et al. 2016), but definitive 
resolution of this issue must await the ability to selectively activate the different 
classes of motoneuron.

Finally, we must ask if motoneurons could be part of the central pattern generator 
for locomotion. If the CPG is a dedicated class of interneuron, such as ventral spi-
nocerebellar neurons, obviously the answer is no. Current evidence suggests that 
several different neuronal classes, in addition to spinocerebellar neurons, contribute 
to locomotor rhythmogenesis in the neonatal mouse cord, including HB9 interneu-
rons (Hinckley et al. 2005; Wilson et al. 2005; Kwan et al. 2009), Shox2 glutama-
tergic interneurons (Dougherty et  al. 2013) and motoneurons (Falgairolle et  al. 
2017). Here, we hypothesize that many neuron classes participate in rhythmogene-
sis and the membership varies according to motor task and the state of the spinal 
networks. This is most likely to be true for drug-induced fictive locomotion because 
the drug cocktail used to induce locomotion contains NMDA which induces mem-
brane potential oscillations in many spinal neurons including motoneurons 
(MacLean et al. 1997; Wilson et al. 2005). Consistent with this thinking, when the 
vesicular glutamate transporter VGluT2 is knocked out, rendering the great majority 
of glutamatergic neurons non-functional, a drug cocktail containing NMDA can 
still generate fictive locomotion. It has been suggested that NMDA-induced oscilla-
tions in 1a inhibitory interneurons, Renshaw cell and motoneurons may support the 
rhythm under these conditions – a very different neuronal cohort than when gluta-
matergic neurons are also present (Talpalar et al. 2011). Another piece of evidence 
in support of the idea of a fluid CPG comes from calcium imaging of neurons in the 
cut transverse face of the cord during fictive locomotion induced by NMDA and 
serotonin at different frequencies. As locomotor speed increases interneuronal 
recruitment in the ventral part of the cord shifted from lateral to medial with few 
neurons co-active at the different speeds (Rancic et  al. 2020). Variability in the 
recruitment of interneurons during fictive locomotion is not restricted to the neona-
tal mouse and has also been observed in the adult mouse during successive bouts of 
treadmill locomotion (Pham et al. 2020). Using the FosTRAP mouse that allows a 
comparison between the neurons activated on two separate occasions it was shown 
that only 20% of the spinal neurons active in an episode of treadmill locomotion are 
also active in a second bout 2 weeks later (Pham et al. 2020). Whether this reflects 
a change in the membership of the CPG or is an artefact of the indirect measure of 
neuronal activity provided by Fos signaling is not clear at present and must await 
chronic single unit recordings or 2-photon imaging of single neurons over extended 
periods. Nevertheless, if the neonatal mouse CPG is organized with a varying 
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Fig. 8  Intracellular recording from motoneurons in 4 different cords in which ChAT+ neu-
rons expressed archaerhodopsin, showing a transient cessation of rhythmic drive potentials 
during illumination with green light. The motoneurons are separated into flexor and extensor 
motoneurons according to the phase relation of their bursting with simultaneous ventral root 
recordings (not shown). The arrows indicate periods when the rhythmic drive potentials could not 
be detected. The calibration bars to the right of the records are 40 mV

cellular membership it may account for the apparent variability in the participation 
of motoneurons in rhythmogenesis.

The idea that motoneurons might participate directly in locomotor rhythmogen-
esis is suggested by a number of observations. First, optical hyperpolarization of 
motoneurons in either islet-1 or Chat mice expressing archaerhodopsin slows the 
locomotor rhythm and in some cases abolishes the rhythmic locomotor drive poten-
tials recorded intracellularly from motoneurons (Fig. 8). Second, neonatal lumbar 
and adult sacral motoneurons exhibit TTX-resistant NMDA-induced membrane 
potential oscillations that are likely activated during locomotion. In the adult mouse 
sacral cord preparation, where motoneurons exhibit NMDA induced oscillations 
(Manuel et al. 2012), it was argued that these are unlikely to contribute to locomo-
tion because motoneurons are not coupled by electrical or chemical synapses in the 
adult cord. As a result, in the absence of interneuronal drive, the activity of different 
motoneurons would not be synchronized. However, later work in both the neonate 
and the adult mouse spinal cord revealed that motoneurons are coupled by chemical 
excitatory synapses (Bhumbra and Beato 2018), rendering this objection moot.
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Extraocular Motoneurons 
and Neurotrophism

Angel M. Pastor, Roland Blumer, and Rosa R. de la Cruz

Abstract  Extraocular motoneurons are located in three brainstem nuclei: the abdu-
cens, trochlear and oculomotor. They control all types of eye movements by inner-
vating three pairs of agonistic/antagonistic extraocular muscles. They exhibit a 
tonic-phasic discharge pattern, demonstrating sensitivity to eye position and sensi-
tivity to eye velocity. According to their innervation pattern, extraocular muscle 
fibers can be classified as singly innervated muscle fiber (SIF), or the peculiar mul-
tiply innervated muscle fiber (MIF). SIF motoneurons show anatomical and physi-
ological differences with MIF motoneurons. The latter are smaller and display 
lower eye position and velocity sensitivities as compared with SIF motoneurons.

Keywords  Oculomotor system · Vestibular system · Eye movements · Synaptic 
stripping · Trophic factors · Multiply-innervated fibers · Singly-innervated fibers

These motoneurons have been extensively used as a model for studies of lesion-
induced plasticity and the effects of neurotrophic factors, demonstrating that differ-
ent neurotrophic factors can regulate differentially their discharge mode and 
synaptic inputs. A link between neurotrophic factors and MIF and SIF motoneuro-
nal types is proposed.

1 � Introduction

The eye of vertebrates and many invertebrates can be mechanically described as a 
ball joint rotating around three perpendicular cartesian axis, the yaw, pitch and roll 
axes of rotation in space of, for instance, an aircraft. From the cyclopean crustacean 
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Daphnia magna (Consi et  al. 1987), to jumping spiders (Land 1969), and to all 
vertebrates (Walls 1962), the eyeball is rotated using six muscles arranged in push-
pull antagonistic pairs. The yoked pairs are medial and lateral rectus for rotations 
around the vertical axis of the eye globe, the yaw axis. The medial and lateral rectus 
muscles produce adduction and abduction, respectively. The superior and inferior 
rectus muscles act for rotations around a transverse or pitch axis, and produce eleva-
tion and depression of the angle of sight, respectively. The last pair, superior and 
inferior oblique muscles produce rotations around the longitudinal or roll axis, the 
axis of sight, and thus, the movements are called intorsions and extorsions, respec-
tively. Except for the lateral and the medial rectus muscles, which generate purely 
horizontal eye movements, the other four extraocular muscles (vertical and oblique) 
produce, in addition to their primary action, secondary actions which differ between 
frontal-eyed and lateral-eyed animals (Graft and Simpson 1981).

This mechanical scheme is the practical solution of convergent evolution across 
species despite certain variations in insertions and innervation (Isomura 1981). 
There are five main types of eye movements in vertebrates. Three types of eye 
movements are gaze shifting and defined as saccadic, smooth pursuit and vergence 
eye movements that either point, follow or maintain binocularity, respectively. In 
turn, two types of gaze holding movements, the optokinetic and vestibular reflexes, 
compensate for self or externally imposed movements (Walls 1962). Extraocular 
eye muscles participate in all types of eye movements with slight differences in the 
kinematics across vertebrates. Perhaps the most fundamental difference with the 
skeletal muscle activation patterns is that the oculomotor muscles pull against a 
constant inertial load as opposed to the always changing moment of inertia of skel-
etal muscles.

Extraocular muscles are innervated by motoneurons located in the brainstem, 
i.e., in the oculomotor, the trochlear and the abducens nuclei. The midbrain oculo-
motor nucleus comprises the motoneurons that innervate ipsilaterally the medial 
rectus, inferior rectus, and inferior oblique muscles, and contralaterally the superior 
rectus muscle. The axons of oculomotor motoneurons form the IIIrd cranial nerve. 
The trochlear motoneurons (in the caudal midbrain) innervate contralaterally the 
superior oblique muscle and their axons constitute the IVth cranial nerve. The abdu-
cens nucleus, located in the pons, contains the motoneurons that innervate ipsilater-
ally the lateral rectus muscle. Their axons form the VIth cranial nerve (Spencer and 
Porter 2006).

2 � Discharge Characteristics of Extraocular Motoneurons

The neurophysiological study of oculomotor nuclei was initially addressed to the 
quantitative analysis of motoneuronal behavior during the vestibulo-ocular reflex. 
Such work was carried out in anesthetized animals, therefore limiting the repertoire, 
amplitude and velocity of eye movements in relation to the dynamics, frequency 
response and patterns of motoneuronal behavior (Lorente de No 1933; Precht et al. 
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1967; Yamanaka and Bach-Y-Rita 1970). The development of extracellular single-
unit recordings in awake animals allowed rapid progress in the knowledge of extra-
ocular motoneuron discharge characteristics during the performance of spontaneous 
or induced eye movements. In parallel, the development of a precise method for the 
measurement of eye movements was also crucial for a better understanding of the 
correlations between firing rate and eye movements. Eye movements were initially 
recorded by electrooculography, and later on by the most sensitive magnetic-search 
coil technique (Fuchs and Robinson 1966).

Since eye movements are quite stereotyped in nature, likely because, unlike most 
skeletal muscles, they deal with the same mechanical load throughout life, and since 
motoneuron discharge rate is to some extent translated into muscle force, 
(Goldberg et al. 1998; Miller et al. 2002) and then translated into eye movement, 
(Ghasia and Angelaki, 1995), it could be anticipated that the discharge pattern of 
extraocular motoneurons would reflect eye movements (Robinson 1970). Indeed, 
extraocular motoneurons exhibit a discharge combined of static and dynamic com-
ponents of different proportions and forming a continuum between groups (Henn 
and Cohen 1972). The tonic and phasic components of motoneuron discharge trans-
late directly into eye position and eye velocity (Evinger and Baker 1991). The tonic-
phasic discharge pattern of extraocular motoneurons has been demonstrated by 
single-unit extracellular recordings of these motoneurons under alert conditions, 
carried out initially in monkeys in the abducens (Schiller 1970; Keller and Robinson 
1972; Skavenski and Robinson 1973; Goldstein and Robinson 1986; Fuchs et al. 
1988), oculomotor (Robinson 1970; Schiller 1970) and trochlear (Fuchs and 
Luschei 1971) nuclei. These experiments were later carried out in other vertebrates, 
such as cat abducens (Goldberg 1980; Delgado-García et al. 1986; Davis-López de 
Carrizosa et al. 2011) and medial rectus (de la Cruz et al. 1990; Hernández et al. 
2017a) motoneurons, frog abducens (Dieringer and Precht 1986; Dietrich et  al. 
2017), goldfish abducens and medial rectus motoneurons (Pastor et al. 1991) and 
rabbit abducens motoneurons (Stahl and Simpson 1995). In all cases, the discharge 
of extraocular motoneurons was characterized by a tonic-phasic firing pattern 
(Fig. 1a). That is, firing rate contained a sustained (tonic, proportional to eye posi-
tion) and a dynamic component (phasic, related to eye velocity), during the different 
types of eye movements. This fact led to the early conclusion that only one func-
tional type of extraocular motoneuron subserves the whole repertoire of eye move-
ments, including fixations, saccades and smooth pursuit (Fuchs and Luschei 1971). 
Later studies showed however that motoneurons could be classified in clusters 
(Dieringer and Precht 1986; Davis-López de Carrizosa et al. 2011; Dietrich et al. 
2017; Hernández et al. 2019). In the absence of genetic and embryological separa-
tions of motoneurons into classes, all these sorting into functional groups are just 
the phenomenological and semantic classification into groups of high, medium and 
low sensitivities and/or thresholds of motoneuronal pools, that actually are part of a 
continuous gradient. This has been the recurrent topic at the time of describing, and 
thus classifying, motoneurons into different functional groups ever since the devel-
opment of this field (Henn and Cohen 1972).

Extraocular Motoneurons and Neurotrophism



284

Fig. 1  Firing and pool characteristics of abducens neurons. (a) Control abducens motoneurons 
discharge tonically (firing rate, FR, in spikes/s) in relation to eye position (LH, left horizontal eye 
position, in degrees; positive values are movements to the left) during spontaneous fixations. 
Bursts of action potentials were present during saccades in the on direction (•) and pauses (→) 
occurred during off-directed saccades. Abducens neurons showed minimal firing (10–15 spikes/s) 
near recruitment eye positions reached after on- (►) or off-directed (*) saccades. Dashed line 
indicates mid eye position. (b) Linear regression lines of firing rate versus eye position for 50 
control motoneurons selected throughout the oculomotor range. Scatterplots omitted for the sake 
of clarity but see examples in Fig. 5. The slope of each line represents the eye position sensitivity 
(ks) during spontaneous eye movements. (c) Histograms of recruitment threshold for 118 motoneu-
rons (filled bars) and 50 internuclear neurons (empty bars). (d) Plots of the eye position sensitivity 
ks (in spikes⋅s−1⋅deg.−1) versus the recruitment threshold for 118 abducens motoneurons (•) and 50 
internuclear neurons (○). Lines are the exponential regression y = 1.19 + 7.94 * exp. (0.06 x) 
(r  =  0.84; P  <  0.001) for motoneurons (——) and y  =  3.23  +  10.8 * exp. (0.09 x) (r  =  0.82; 
P < 0.001) for internuclear neurons (- - -). Note in both curves that sensitivities for a given thresh-
old are always larger for internuclear neurons. (Modified with permission from Pastor and 
González-Forero 2003)

3 � Quantitative Analysis of Extraocular Motoneuron 
Firing Rate

The pioneering studies of extraocular motoneurons in awake animals allowed the 
mathematical correlation between discharge frequency and eye dynamics. Robinson 
(1970, 1981) established that motoneuronal firing rate (FR, in spikes/s) depends 
linearly on both eye position (EP, in degrees) and eye velocity (EV, in degrees/s), 
and therefore a first-order approximation of the FR, with a single time constant, to 
eye parameters represent a good fit and it has been universally used since that time. 
Thus, the following equation was proposed to adjust FR to EP and EV:
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	 FR EP EV� � � � �F k r ,0 	

where F0 represents the firing rate at straight ahead gaze (i.e., at zero eye position), 
k represents the neuronal eye position sensitivity (in spikes/s/degree) and r the neu-
ronal eye velocity sensitivity (in spikes/s/degree/s). During eye fixations, since 
EV = 0, then the equation can be expressed as FR = F0 + k ⋅ EP (Fig. 1b). From this 
equation, another important parameter can be calculated, the neuronal recruitment 
threshold, i.e., the eye position at which the motoneuron is recruited into activity 
(Fig. 1b). The estimated threshold is resolved as the abscissa intercept by making 
FR  =  0 and then the threshold eye position is obtained, according to the eq. 
FR = F0 + k ⋅ EP, as – F0/k.

Abducens internuclear neurons, that convey information to the contralateral 
medial rectus motoneurons to keep conjugacy of eye movements also fit this scheme 
of firing pattern but will not be the main object of this chapter. Most of the abducens 
neurons are recruited well before the eye reaches its center position (Fig. 1c).The 
first-order model, described in the equation above, is simple and straightforward to 
quantitate the transfer function of the firing to the muscle dynamics, considered as 
a single time constant of a single Voight element (a spring in parallel to a dashpot to 
account for the elasticity and viscosity of the muscle, respectively). However, it was 
later recognized that higher order dynamics explain better the orbital mechanics that 
originally was proposed as the sum of at least two exponentials, with slow and fast 
time constants (Robinson, 1981). The newer models made use of higher order deriv-
atives of firing rate to account for more than one time constant in response to a step-
change in eye position (Fuchs et  al. 1988; de la Cruz et  al. 1990; Stahl and 
Simpson 1995).

Correlations between these parameters reflect an important and well known 
motoneuron pool property, the recruitment order. Thus, an interesting relationship 
described in the literature for extraocular motoneurons (mainly in abducens moto-
neurons) is that motoneurons with higher k values tend to have higher eye position 
thresholds. Notice the progressive increase in slope of the lines represented in 
Fig. 1b. These data, which is plotted in Fig. 1d for both abducens motoneurons and 
abducens internuclear neurons indicate that the higher k value neurons recruited at 
more eccentric eye positions in the on-direction (Robinson 1970; Schiller 1970; 
Delgado-García et al. 1986; Fuchs et al. 1988; Pastor et al. 1991). The significance 
of this universal recruitment rule of oculomotor motoneurons is that as the eye is 
deviated more eccentrically in the orbit, the force required to hold the eye increases 
exponentially as does the motor output of the nerve, i.e., the total sum of action 
potentials orthodromically sent through the axons (Pastor and González-Forero 
2003; Davis-López de Carrizosa et al. 2011).

Similarly, a positive relationship between neuronal eye velocity sensitivity (r) 
and recruitment threshold has also been described. Indeed, motoneurons with high 
eye position sensitivities generally present higher eye velocity sensitivities, which 
means that those units with a marked tonic component also have a prominent phasic 
discharge. This rule can be also generalized to other sensitivities obtained during 

Extraocular Motoneurons and Neurotrophism



286

other type of eye movements such as the vestibulo-ocular reflex, so that motoneu-
rons can be ranked according to sensitivity values across different modalities (Pastor 
and González-Forero 2003; Davis-López de Carrizosa et al. 2011).

In experiments on antidromically identified motoneurons, a significant relation-
ship has been found between antidromic latency and eye position sensitivity, both in 
cat (Delgado-García et al. 1986) and fish (Pastor et al. 1991) but not monkey (Fuchs 
et al. 1988). In the cat, this relationship is lost under tetanus neurotoxin treatment 
indicating that the synaptic inputs that are responsible for the eye position signal are 
arranged so the size principle is attained (Pastor and González-Forero 2003). 
Antidromic latency is negatively related to conduction velocity (i.e., the higher the 
latency the lower the conduction velocity), and conduction velocity provides a basis 
for inferring cell size, as motoneurons with greater soma size usually have also 
axons with larger diameter and, consequently, higher axonal conduction velocity. 
Altogether, it seems that larger motoneurons would have lower antidromic latencies 
and these would correspond to motoneurons with higher sensitivities. If so, these 
relationships would imply that extraocular motoneurons follow the “size principle” 
proposed by Henneman et al. (1965a, b, 1981), contending that hierarchical organi-
zation of spinal motoneuronal pools are based on soma size with a rank order that 
would fit the threshold of each cell in relation to the others. This rank order would 
allow a fine graduation in muscle tension by successive recruitment of larger moto-
neurons as muscle force increases.

4 � Firing Pattern of Abducens Motoneurons

The discharge activity of extraocular motoneurons reflects the eye position and eye 
velocity evoked by the activation of the corresponding innervated muscle. 
Experiments of single-unit recordings in awake animals have demonstrated that 
trochlear (Fuchs and Luschei 1971), medial rectus (de la Cruz et al. 1990; Pastor 
et al. 1991; Hernández et al. 2017) and abducens motoneurons (Fuchs and Luschei 
1970; Schiller 1970; Delgado-García et al. 1986; Fuchs et al. 1988; Pastor et al. 
1991; Stahl and Simpson 1995; Davis-López de Carrizosa et  al. 2011) exhibit a 
tonic-phasic firing pattern in relation to oculomotor performance. However, it 
should be emphasized that abducens motoneurons have been studied more exten-
sively than other motoneurons of the oculomotor system and, therefore, constitute 
the extraocular motoneurons in which correlations of discharge with eye move-
ments have been analyzed in more detail and in a more numerous number of verte-
brate species. Therefore, we will describe the discharge pattern of these particular 
motoneurons as a general model for extraocular motoneurons.
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�Discharge of Abducens Motoneurons During Fixations

Fixations consist of stable eye positions when gaze is stationary on a particular 
visual target. Abducens motoneurons innervate ipsilaterally the lateral rectus mus-
cle, whose contraction induces a purely horizontal temporally-directed eye move-
ment. Therefore, abducens motoneurons will have, as their on-direction, the 
horizontal eye movement in the ipsilateral direction with respect to the side in which 
they are located, for instance, leftwards horizontal eye movements will be the on-
direction of left abducens motoneurons.

Abducens motoneurons, and in general abducens internuclear neurons too, dis-
charge a sustained firing rate during eye fixations which increases as the eye deviate 
successively in the on-direction, i.e., for more eccentric eye positions. Firing rate 
increases proportionally to horizontal eye position, so that a linear relationship can 
be established between firing rate and eye position, as stated above (FR = F0 + k ⋅ 
EP). For each motoneuron, firing frequency and eye position data can be fitted by a 
linear regression line whose slope represents the eye position sensitivity for that 
particular neuron (Fig. 1b). Abducens motoneurons, and in general all extraocular 
motoneurons, discharge high tonic firing frequencies (maximum 200–300 Hz) dur-
ing fixations as compared to spinal motoneurons (Robinson 1970; Delgado-García 
et al. 1986; Fuchs et al. 1988).

However, the tonic discharge of motoneurons exhibit a certain degree of irregu-
larity (Powers and Binder 2000; González-Forero et al. 2002). Discharge variability 
has been calculated by measuring the mean and standard deviation of instantaneous 
firing frequency (reciprocal of interspike intervals) during a set of multiple fixations 
across the oculomotor field. Then, the coefficient of variation is obtained as the ratio 
of standard deviation to the mean. The coefficient of variation is higher at lower 
frequencies but decreases at higher frequencies in a gradual exponential-like fash-
ion. In general, the tonic discharge of abducens motoneurons show low coefficients 
of variations (i.e., small irregularity) that ranged from 3.5% to 14% (Delgado-
García et  al. 1986) with an average of around 8% (Davis-López de Carrizosa 
et al. 2010).

The major input to abducens motoneurons responsible of the generation of an 
eye position signal arises in the prepositus hypoglossi nucleus, which is located in 
the pons caudal to the abducens nucleus. The projection from the ipsilateral preposi-
tus hypoglossi neurons on abducens motoneurons is excitatory, whereas the prep-
ositus hypoglossi afferent is inhibitory on the contralateral abducens motoneurons 
(McCrea and Baker 1985; Escudero et al. 1992).
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�Discharge of Abducens Motoneurons During Saccades

Saccades are rapid excursions of the eyes across the visual field normally with the 
purpose to foveate an object of interest. Abducens motoneurons increase their activ-
ity during saccades in the on-direction (ipsilateral to the recording site) and decrease 
abruptly or even ceased their firing for off-directed saccades. This behavior corre-
sponds to the phasic or dynamic component of extraocular motoneuron discharge 
pattern. The burst precedes eye movement a few milliseconds, most of this time is 
involved in muscle contraction (approximate range 5–25 ms; Delgado-García et al. 
1986). The firing frequency during on-directed saccades increases with the velocity 
of the saccade and can reach a peak of approximately 250–300 Hz in the cat (Davis-
López de Carrizosa et  al. 2011) or even more than 400  Hz in the monkey 
(Robinson 1970).

For on-directed saccades, firing rate increases quickly up to a maximum that 
occurs coincident or slightly before the peak eye velocity, in the form of a high-
frequency burst of action potentials. This peak in firing frequency is followed by an 
exponential firing decrease, reaching a new tonic discharge proportional to the new 
eye position. The transition between peak firing frequency and the later tonic dis-
charge is known as the post-saccadic slide (Fuchs and Luschei 1970; Delgado-
García et al. 1986). However, the position of the eye changes during the saccade in 
a pulse-step manner (i.e., without any exponential eye position drift). So the post-
saccadic decay is present in motoneuron firing but not in eye position. Experiments 
in which the tension of the lateral rectus muscle has been recorded simultaneously 
with neuronal activity and eye position, have demonstrated that the tension profile 
does reflect the post-saccadic decay (Davis López de Carrizosa et  al. 2011). 
Therefore, although the meaning of the post-saccadic decay is still unclear, it reflects 
the transition in force from the pulse to the step that is not seen in the eye position 
trace. That excess of force may be necessary to overcome the viscoelastic properties 
of the oculomotor plant.

To correlate, for a particular motoneuron, peak firing rate with peak eye velocity 
during saccades, the firing rate corresponding to the position previous to the saccade 
has to be subtracted from the peak firing rate during each saccade, once the eye 
position sensitivity (k) has been obtained for that particular neuron. According to 
the equation indicated above (FR = F0 + k ⋅ EP + r ⋅ EV), the fit would be FR - k ⋅ 
EP = F0 + r ⋅ EV. In this way, the slope of the rate-velocity regression line represents 
the neuronal eye velocity sensitivity (r). Alternatively, firing rate may be correlated 
to eye position and velocity using the multiple regression approach (FR = F0 + k ⋅ 
EP + r ⋅ EV), and thus both sensitivities (k and r) are obtained simultaneously in 
the fit.

The main input to abducens motoneurons responsible for the phasic response of 
these cells during saccades arises in the ponto-medullary reticular formation. In 
particular, the so-called excitatory burst neurons (known as EBNs) discharge in a 
burst-like manner preceding on-directed saccades and contact ipsilaterally with 
abducens motoneurons by means of excitatory synapses. On the other hand, the 

A. M. Pastor et al.



289

inhibitory burst neurons (IBNs) project contralaterally to abducens motoneurons 
exerting an inhibitory synaptic influence. IBNs discharge also a burst of spikes but 
in this case preceding off-directed saccades (Hikosaka et al. 1978; Igusa et al. 1980; 
Strassman et al. 1986a, 1986b) (Fig. 2a).

�Discharge of Abducens Motoneurons During 
Vestibularly-Induced Eye Movements

The vestibulo-ocular reflex is performed by the three neuron arc that includes: (i) 
the semicircular canal hair cells which senses head acceleration during rotation and 
constitute the mechanoreceptive element of the reflex, transducing head movement 
into a local membrane potential that leads to neurotransmitter release; (ii) the first-
order vestibular neurons or primary vestibular afferents are bipolar cells whose cell 
bodies are located in Scarpa’s ganglion, are excited by the hair cells in their periph-
eral axonal projection and terminate centrally in the medial and lateral vestibular 
nuclei of the brainstem; and (iii) the third element of the reflex are the efferent 
neurons, that is, the extraocular motoneurons mediating the horizontal vestibulo-
ocular reflex (Fig.  2a). These are abducens and medial rectus motoneurons. 
Abducens motoneurons and abducens internuclear neurons, that can be identified 
antidromically from the abducens nerve and medial longitudinal fascicle, respec-
tively, (Fig. 2b, c) are innervated by the second-order medial vestibular neurons, 
whereas medial rectus motoneurons of the oculomotor complex receive their ves-
tibular input through the ascending tract of Deiters’ arising in the ipsilateral lateral 
vestibular nucleus. Abducens motoneurons are innervated ipsilaterally by inhibitory 
vestibular neurons and contralaterally by excitatory vestibular neurons (Highstein 
and Holstein 2006; Fig. 2c). However, this “apparently simple” three-element cir-
cuit belongs to an intricate network of (mainly) other brainstem and cerebellar neu-
rons that modulate the reflex in a complex processing of the vestibulo-oculomotor 
information (Pastor et al. 2019).

The vestibulo-ocular reflex in the horizontal plane is induced by the rotation 
around the vertical axis (generally by sinusoidal waves) of the rotating table or the 
primate chair where the animal is seated. Table rotation induces, in head-fixed ani-
mals, the simultaneous rotation of the head which, in turn, leads to compensatory 
eye movements approximately at the same velocity but in opposite direction to head 
velocity. These compensatory eye movements prevent visual images from sweeping 
across the retina too quickly thus avoiding blurred vision. These so-called slow 
phases of the nystagmus are interrupted by short-duration fast phases that reset the 
eye to its central position. Altogether, this compensatory eye response to head rota-
tion is known as the vestibulo-ocular reflex. Control abducens neurons modulate 
their activity in relation to slow and fast phases of the vestibulo-ocular reflex 
(Fig. 3a). Thus, the firing rate profile showed a sinusoidal modulation during the 
slow phases of the nistagmus (Fig.  3a), and bursts or pauses during the on- or 
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Fig. 2  Recording and identification of abducens neurons. (a) Diagram of the experimental 
design for chronic and acute recordings (Rec). The abducens nucleus (ABD) contains motoneu-
rons (Mn) that innervate the lateral rectus muscle (LR) and internuclear neurons (Int) whose axons 
cross the midline and contact with the medial rectus muscle (MR) innervating motoneurons (Mn) 
of the oculomotor nucleus (OCM). Eye movements were recorded using eye coils implanted bilat-
erally. Bipolar stimulating electrodes were implanted on the VIth nerve (St. 1) and on the medial 
longitudinal fascicle (MLF; St. 2) for the identification of abducens motoneurons and internuclear 
neurons, respectively. For acute recordings, two additional electrodes were implanted near the 
ampulla of the horizontal contralateral (St. 3) and ipsilateral (St. 4) semicircular canals that acti-
vate or inhibit disynaptically abducens neurons through second order vestibular neurons (MVc and 
Mvi, respectively). (b) Antidromic activation and collision test of a control motoneuron (left) and 
internuclear neuron (right) during chronic extracellular recording. Upper traces show the spontane-
ous orthodromic spike (gray band) followed by the antidromic activation evoked by single shock 
application to the VIth nerve or MLF (−--; St. 1 or St. 2, respectively). By shortening the interval 
between the orthodromic spike and the antidromic stimulus, antidromic spike occluded (lower 
traces; collision). (c) Antidromic activation (upper traces) and vestibular synaptic potentials (lower 
traces) in abducens neurons recorded intracellularly. Single (left) or double shock (right) stimula-
tion of the VIth nerve (St. 1, ---) evoked the generation of antidromic spikes in control motoneu-
rons. When minimal intervals were used during double stimulation, a clear dissociation of the 
initial-segment (IS) and somatodendritic components of the second antidromic spike was present. 
EPSP (left) and IPSP (right) recorded intracellularly in a control abducens motoneuron following 
electrical stimulation of the contralateral (St. 3) and ipsilateral (St. 4) vestibular labyrinths, respec-
tively. (Modified with permission (a and b) from González-Forero et al. 2002; (c) unpublished data)

off-directed fast phases of the reflex, respectively. Analysis of the neuronal activity 
during vestibular stimulation can be correlated to eye movements by selecting 
regions of slow phases (Fig. 3b–e). Firing rate is proportional to both eye position 
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Fig. 3  Calculation of dynamic sensitivities during vestibular stimulation. (a) Firing of a con-
trol motoneuron during a complete cycle of sinusoidal head rotation in the dark at 0.1 Hz. From 
top to bottom, traces are position of the left eye, eye velocity and the inverted head velocity super-
imposed, and histogram of neuronal instantaneous firing rate (FR). Dashed lines indicate the epoch 
used for analysis. (b) Scatterplot of FR versus eye position. (c) Partial regression plot of the data 
shown in b after subtraction of the firing component due to eye velocity, the scatterplot in b col-
lapsed to a line. The slope of the linear regression line corresponds to the neuronal sensitivity to 
eye position during vestibular stimulation (kv = 7.69 spikes⋅s−1⋅deg.−1, r = 0.98; P < 0.001). (d) 
Scatterplot of FR versus eye velocity for the same data set as in b. (e) After subtraction of the 
component of firing due to eye position, the scatterplot shown in d collapsed closer to a line. The 
slope of the linear regression line represents the neuronal sensitivity to eye velocity during the slow 
phases of the vestibulo-ocular reflex (rv = 1.85 spikes⋅s−1⋅deg.−1⋅s−1, r = 0.96; P < 0.001)

and velocity, so firing-eye position and firing-eye velocity plots do not render true 
sensitivities but circularization due to the multiple dependence (Fig.  3b, d). It is 
necessary then to perform, multiple regression analysis to extract neuronal position 
(kv) or velocity (rv) sensitivities, as can be seen in the partial regression plots where 
data collapse approximately into a straight line (Fig. 3c, e).

5 � MIF and SIF Extraocular Motoneurons: Is There 
a Functional Segregation?

�Singly and Multiply Innervated Muscle Fibers

Mammalian extraocular muscles have the peculiarity of containing two main differ-
ent morphological and functional types of muscle fibers. According to their innerva-
tion pattern, extraocular muscle fibers can be singly innervated (SIF, the most 
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frequent type) or multiply innervated (MIF). In contrast, muscle cells in mammalian 
skeletal muscles comprises only SIFs. The pattern of motoneuronal axonal innerva-
tion of these two types of muscle fiber differs. SIFs are innervated by the typical 
single end-plate (en plaque terminal) located at the middle third of the muscle 
(Fig. 4a, c), and are fibers of large size innervated by axons of large diameter, as 
happens in general in the skeletal musculature (Browne 1976; Bondi and Chiarandini 
1979; Chiarandini and Stefani 1979). However, MIFs are small muscle fibers, less 
numerous, and are innervated by thinner axons, which establish multiple synaptic 
boutons en grappe extending along the whole length of the fiber (Fig. 4b, d) (Hess 
and Pilar 1963; Namba et al. 1968). SIFs and MIFs also operate differently. Thus, 
the electrical stimulation of SIFs leads to propagated impulse activity with non-
graded contractile activation and a twitch-like response in tension. However, MIFs 
usually do not display impulse activity and undergo a graded contraction dependent 
upon the extent of membrane depolarization. The change in tension produced by 
MIFs stimulation is of low amplitude and slow time course, so that MIFs are also 
called non-twitch or slow muscle fibers (Hess and Pilar 1963; Browne 1976). 
Functional differences correlate with ultrastructural dissimilarities. Thus, SIFs have 
well-defined myofibrils and a highly developed sarcoplasmic reticulum, as opposed 
to MIFs (Davidowitz et al. 1996). Moreover, the scenario is much more complex 
since MIFs and SIFs can be present either in the global (near the eyeball) or in the 
orbital (next to the periorbital tissue) layers of mammalian extraocular muscles, in 
which at least six types of muscle fibers have been described (for review see Spencer 
and Porter 2006; Hoh 2021).

Amphibians are the group in which slow muscle was first recognized and from 
which there is more detail information available. Nonetheless, teleosts, reptiles and 
birds have some muscles that have many of the features of frog slow muscle. In 
contrast, in mammals slow fibers (MIF) are confined to extraocular muscles, intrin-
sic muscles of the ear, and some muscles of the esophagus (Morgan and Proske 
1984). It should be emphasized that MIF fibers are quite different from the S-type 
fibers of the limb muscles.

It has been proposed that the differences in structural and physiological charac-
teristics between MIFs and SIFs in mammalian extraocular muscles lead to different 
contributions of these two types of muscle fiber during the various types of eye 
movements (Büttner-Ennever et al. 2001; Ugolini et al. 2006). MIFs of mammalian 
extraocular muscles are, in addition, very resistant to fatigue and during repetitive 
stimulation of their innervating axons, virtually do not exhibit any diminution in 
tension. Therefore, MIF features has led to propose that these fibers might contrib-
ute to the holding system required during eye fixations, and to smooth and damp the 
action of antagonistic muscles during fixation (Browne 1976). Along these lines, 
twitch fibers (SIFs) might give rise mainly to the phasic responses of the oculomo-
tor behaviour, whereas non-twitch fibers (MIFs) would generate tonic tension 
(Chiarandini 1976).

At the muscle-tendon junction of multiply innervated muscle fibers, a unique 
nerve specialization, the palisade ending, has been found in the eye muscles of all 
mammalian species with the exception of rodents (Ruskell 1978; Alvarado Mallart 
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Fig. 4  Innervation of lateral rectus muscle. Projection images from the confocal laser scanning 
microscope. Images (a–d) are from the medial rectus muscle and E from the lateral rectus muscle 
of the cat. (a, b) Nerve fibers are labeled with anti-choline acetyltransferase (ChAT, red), motor 
terminals with α-bungarotoxin (BTX, green) and muscle fibers with phalloidin (Phall, blue). 
Showing en plaque motor terminals of singly innervated muscle fibers (a) and multiple en grappe 
motor terminals of multiply innervated muscle fibers (b). (c, d, e) Nerve fibers are labeled with 
anti-neurofilament (NF, red), nerve terminals with anti-synaptophysin (Syp, green) and muscle 
fibers with phalloidin (Phall, blue). (c) Showing en plaque motor terminals in the muscle belly. (d) 
Showing palisade endings at the muscle tendon junction of multiply-innervated muscle fiber. 
Terminal varicosities of palisade endings and en grappe motor terminal alongside multiply inner-
vated muscle fibers exhibit synaptophysin immunoreactivity. The tendon, unlabeled, continues the 
muscle fibers to the right of the panel. (e) Showing a palisade ending which is formed by a nerve 
fiber that establishes multiple en grappe terminals alongside the muscle fiber. Terminal varicosities 
and en grappe terminals are synaptophysin-positive. The tendon, not labeled, continues the muscle 
fibers to the right of the image. Scale bars: 20 μm (a, b), 200 μm (c, d), and 50 μm (e)
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and Pincon Raymond 1979; Blumer et al. 2016). Palisade endings are formed by 
axons that come from the muscle and extend into the tendon where they return 
towards the muscle-tendon junction to establish terminal varicosities around single 
muscle fiber tips (Fig. 4d, e). Molecular studies have shown that palisade endings 
are cholinergic structures (Konakci et al. 2005; Blumer et al. 2009) and have an 
exocytotic machinery for neurotransmitter release, most likely acetylcholine 
because of their cholinergic phenotype (Blumer et al. 2020). Additionally, neuronal 
tracing studies indicate that palisade endings originate from the oculomotor nuclei, 
most likely from MIF motoneurons (Lienbacher et  al. 2011; Zimmermann et  al. 
2013). Despite clear motor features, palisade endings have sensory-like terminal 
varicosities that contact the tendon and so far no receptors for cholinergic transmis-
sion have been found. Thus, the function of palisade endings is still not clear. 
However, irrespective of their exact function, a special role of palisade endings in 
convergence is suggested due to their high number and accelerated postnatal devel-
opment in the medial rectus of frontal-eyes species (Blumer et al. 2016, 2017).

�Anatomical Evidence

The selective injection of a retrograde tracer at the level of the distal portion of 
extraocular muscles (the myotendinous zone) has allowed to selectively label MIF 
motoneurons of the oculomotor system. Since end-plates of SIFs are located at the 
muscle belly, SIF motoneurons remain unlabeled by this procedure. In general, MIF 
motoneurons are located preferentially in the periphery of the abducens, trochlear 
and oculomotor nuclei, whereas SIF motoneurons are distributed within the bound-
aries of the extraoculomotor nuclei. In the monkey, the anatomical segregation 
within the IIIrd nucleus between MIF and SIF motoneurons is very remarkable. 
Thus, non-twitch motoneurons of medial and inferior rectus form the C group 
located dorsomedial to the nucleus, and those of the inferior oblique and superior 
rectus lie near the midline in the S group. SIF medial rectus motoneurons in mon-
keys lie in the A- and B-groups within the oculomotor nucleus (Büttner-Ennever 
et al. 2001; Wasicky et al. 2004; Büttner-Ennever 2006; Erichsen et al. 2014; Tang 
et al. 2015). Similar findings have been obtained in humans (Horn et al. 2018). In 
the rat there is less anatomical segregation between MIF and SIF motoneurons, 
because MIF motoneurons, although found in the periphery, are also intermixed 
with SIF motoneurons within the nucleus, especially regarding abducens motoneu-
rons (Eberhorn et al. 2006). In the cat, only MIF motoneurons of the medial rectus 
and lateral rectus muscles have been labeled. MIF medial rectus motoneurons 
appear located ventrolaterally and rostrally within the cat oculomotor nucleus, so 
that, as in primates, cats show some segregation of MIF and SIF medial rectus 
motoneurons, although with a different pattern (Bohlen et al. 2017b). In contrast, 
MIF lateral rectus motoneurons of the cat appear intermingled with SIF motoneu-
rons in the abducens nucleus, without any particular distribution pattern (Hernández 
et al. 2019).
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MIF and SIF motoneurons can also be differentiated by their somatic size and by 
the percentage of synaptic boutons terminating on their soma. Several studies have 
demonstrated, in all species studied so far, that the cell bodies of MIF motoneurons 
are smaller than those of SIF motoneurons (Büttner-Ennever et al. 2001; Wasicky 
et  al. 2004; Eberhorn et  al. 2005; Erichsen et  al. 2014; Bohlen et  al. 2017b; 
Hernández et al. 2019). This difference is in congruence with the previously reported 
smaller diameter of MIF axons and fibers (Namba et al. 1968; Browne 1976; Nelson 
et al. 1986) and also with the longer antidromic activation latencies of MIF abdu-
cens motoneurons, as compared with SIF motoneurons, in the cat abducens nucleus 
following the electrical stimulation of the VIth nerve (Hernández et  al. 2019). 
Moreover, SIF motoneurons have been described as receiving a larger density of 
somatic synaptic boutons as compared with MIF motoneurons. This difference has 
been shown both in monkeys, between the groups A and B (SIF) in contrast with the 
C group (MIF) of medial rectus motoneurons (Erichsen et al. 2014), and in cats 
between MIF and SIF abducens motoneurons (Hernández et al. 2019).

The study of the afferent inputs to MIF and SIF motoneurons has revealed that 
these two types of motoneuron receive, in general, different projections. In pri-
mates, anterograde labeling of afferents to the twitch and non-twitch subgroups of 
the IIIrd nucleus has demonstrated that, except for the abducens nucleus input, the 
vestibular projections to twitch and non-twitch oculomotor motoneurons arise from 
different pools of vestibular neurons, and that pretectal inputs terminate only over 
non-twitch motoneurons (Wasicky et  al. 2004). The authors propose that twitch 
motoneurons primarily would drive eye movements and non-twitch motoneurons 
would be involved in tonic muscle activity, such as gaze holding and vergence. In 
another study, by means of retrograde transneuronal tracing with rabies virus, 
remarkable differences in innervation of “fast” and “slow” motoneurons have been 
revealed in the abducens nucleus of primates. MIF abducens motoneurons receive 
inputs from the supraoculomotor area, the central mesencephalic reticular forma-
tion and subgroups of neurons located in the medial vestibular and prepositus hypo-
glossi nuclei. On the other hand, SIF abducens motoneurons are innervated by all 
known sources of afferents to this nucleus (Ugolini et  al. 2006). Based on these 
results, the authors conclude that MIF motoneurons would be involved exclusively 
in fixations and slow eye movements and would not participate in fast eye move-
ments like saccades. Along the same lines, other authors have demonstrated in mon-
keys that the central mesencephalic reticular formation projects densely to the 
medial rectus motoneurons of the C group (MIF) whereas it scarcely terminates on 
the A and B groups of medial rectus motoneurons (SIF) suggesting different roles 
for MIF and SIF motoneurons. In particular, the authors suggest that the C group of 
medial rectus motoneurons (MIF) might participate in accommodation-related ver-
gence (Bohlen et al. 2017a).
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�Physiological Evidence

All the anatomical evidence stated above points to a clear distinction between SIF 
and MIF motoneurons. Based mainly on the works that have reported that MIF 
motoneurons receive mostly tonic afferents whereas SIF motoneurons are driven by 
all known sources of inputs to extraocular motoneurons, a functional segregation 
between the two types of extraocular motoneurons has been suggested, so that they 
might participate in different types of eye movement. MIF motoneurons would con-
tribute to slow eye movements (such as vergence) and gaze holding (fixations), but 
not to fast eye movements (saccades, the vestibulo-ocular reflex), whereas SIF 
motoneurons would participate in the entire repertoire of eye movements (Wasicky 
et al. 2004; Ugolini et al. 2006; Bohlen et al. 2017a, 2017b). However, works report-
ing the activity of extraocular motoneurons, recorded along with eye movements 
under alert conditions, have demonstrated that all motoneurons display a tonic-
phasic discharge pattern and participate in all different types of eye movement. 
(Robinson 1970; Schiller 1970; Fuchs and Luschei 1971; Delgado-García et  al. 
1986; de la Cruz et al. 1990; Evinger and Baker 1991; Pastor et al. 1991; Stahl and 
Simpson 1995; Davis-López de Carrizosa et  al. 2011; Hernández et  al. 2017). 
Therefore, these neurophysiological works have indicated that individual extraocu-
lar motoneurons do not specialize in producing any of the different types of eye 
movements (see however Henn and Cohen 1972).

The controversy then is whether MIF and SIF motoneurons subserve different 
roles. Recently, it has been possible to identify electrophysiologically MIF versus 
SIF motoneurons in the cat abducens nucleus, by placing a stimulating electrode 
close to the myotendinous junction of the lateral rectus muscle to selectively acti-
vate MIF motoneurons, whereas the stimulating electrode placed in the VIth nerve 
activated both types of motoneuron (Hernández et al. 2019). Extracellular single-
unit recordings in the alert behaving cat of identified MIF and SIF abducens moto-
neurons have demonstrated that both types of motoneuron participate in fixations, 
saccades, vergence and the vestibulo-ocular reflex, so that there is no functional 
segregation depending on whether the eye movement is slow or fast. However, sig-
nificant differences were found between MIF and SIF motoneurons with respect to 
their sensitivities to eye position (k) and eye velocity (r) in the oculomotor reper-
toire (Fig. 5). In particular, MIF motoneurons show smaller gains to eye position (k; 
Fig. 5b, c) and eye velocity (r; Fig. 5b, d) and discharge at lower firing frequencies 
compared with SIF motoneurons (Fig. 5a, b). We proposed that a functional segre-
gation is present between MIF and SIF motoneurons, but not based on the type of 
eye movement in which they participate, but in their relative contribution to the 
generation of muscle tension (Hernández et al. 2019). It is needed more research to 
determine whether MIF motoneurons contribute to the fine adjustment of eye 
movements.
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Fig. 5  Discharge characteristics of MIF and SIF motoneurons
(a) Firing rate (FR, in spikes/s) of a SIF abducens motoneuron during spontaneous eye movements 
(EP, eye position in degrees; EV, eye velocity in degrees/s). (b) Same for a MIF abducens moto-
neuron. Note its lower FR. (c) Correlation between FR and EP for the SIF and MIF motoneurons 
illustrated in (a) and (b). Linear regression lines represent the neuronal eye position sensitivity (ks), 
F0 represents the FR at straight ahead gaze, and Th is eye position threshold for recruitment. Note 
lower ks, F0 and Th for the MIF motoneuron. (d) Correlation between FR and EV for the motoneu-
rons in (a) and (b). The linear regression line between FR and EV represents the neuronal eye 
velocity sensitivity (rs), which is lower for the MIF motoneuron. (Reproduced from Hernández 
et al. 2019)

6 � Response of Extraocular Motoneurons to Injury 
and Administration of Neurotrophic Factors

Neurons are highly dependent on their target cells for survival. The mediators of this 
trophic interactions are the so-called neurotrophic factors, which are produced 
mainly by target cells (Purves 1990; Castrén 2013; Lewin and Carter 2014) although 
other sources can also contribute (Korsching 1993). As neurons mature, they lose 
dependence on target-derived factors for survival, but these molecules are essential 
in the adult CNS for the adequate maintenance of neuronal physiological and 
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structural properties, as well as for neuronal plasticity (Purves 1990; Sofroniew 
et al. 1990, 1993; Castrén 2013; Lewin and Carter 2014). Extraocular motoneurons 
have been widely used as a model to study the plastic changes that occur after target 
disconnection induced by axotomy, as well as the effects of exogenously provided 
neurotrophic factors in the axotomy state. In particular, the motoneurons of the 
abducens nucleus have been the main focus of these studies because they offer sev-
eral advantages: (i) they can be recorded in the chronic alert animal preparation, 
which allows the correlation of motoneuron firing with behavior (motor in this case) 
during the performance of different types of eye movement; (ii) extracellular single-
unit recordings of abducens motoneurons can be carried out after their electrophysi-
ological identification by means of their antidromic electrical stimulation from the 
VIth nerve and the subsequent collision test; (iii) their afferents are well character-
ized: they comprise a threefold system of reciprocal connections mainly involving 
vestibular neurons (ipsilateral inhibitory, contralateral excitatory) arising in the 
medial vestibular nucleus (McCrea et  al. 1987; Escudero et  al. 1992), ponto-
medullary projections (ipsilateral excitatory, contralateral inhibitory) originating in 
the reticular formation (Hikosaka et al. 1978; Igusa et al. 1980; Strassman et al. 
1986a, b), and prepositus hypoglossi neurons (ipsilateral excitatory, contralateral 
inhibitory) (McCrea and Baker 1985; Escudero et al. 1992); (iv). These different 
inputs are mainly responsible for particular types of eye movement, thus, vestibular 
neurons provide the signals for the vestibular-ocular reflex, ponto-medullary neu-
rons drive the response of abducens motoneurons during on- and off-directed sac-
cades, and the prepositus hypoglossi input is largely responsible of the tonic firing 
of these motoneurons (Escudero and Delgado-García 1988; Escudero et al. 1992). 
Therefore, alterations in the firing pattern of abducens motoneurons during a par-
ticular type of eye movement can be related to the loss of the input signal arising 
from a specific afferent source.

�Axotomy of Extraocular Motoneurons and Administration 
of Neurotrophic Factors During Postnatal Development

Axotomy of all extraocular motoneurons has been carried out in neonatal rats (post-
natal day 0, P0) by unilateral enucleation. This procedure leads to the death of a 
significant proportion of motoneurons in the three extraocular motor nuclei, i.e., 
abducens, trochlear and oculomotor (Morcuende et  al. 2013). Approximately by 
P10 only 40% of the initial population of extraocular motoneurons survive the axot-
omy. The section of the VIth nerve in kittens also produces a similar percentage of 
cell death in the abducens nucleus as 2 months after axotomy (Pásaro et al. 1985). 
Cell death induced by axotomy in neonatal animals is a common phenomenon that 
also happens in non-extraocular motoneurons, such as facial and spinal motoneu-
rons (Sendtner et al. 1992; Yan et al. 1992; Koliatsos et al. 1993; Clatterbuck et al. 
1994) indicating that during early postnatal development neurons depend on target 
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connection for survival. By contrast, in the adult CNS, axotomy is not followed by 
cell death, as demonstrated for abducens motoneurons in adult cats, although adult 
axotomized motoneurons exhibit notorious changes in their firing and synaptic 
properties (Delgado-García et al. 1988). Alterations at the physiological and bio-
chemical levels have also been described in other skeletal motoneurons after axot-
omy (Titmus and Faber 1990; Moran and Graeber 2004; Olmstead et al. 2015) and 
are restored when they reinnervate their original muscle (Delgado-García et  al. 
1988; Titmus and Faber 1990; Navarro et al. 2007).

The fact that during postnatal development motoneurons depend on their target 
muscle for survival has been explained on the lack of target-derived neurotrophic 
support, since when postnatal axotomized motoneurons are exogenously provided 
with neurotrophic factors they are rescued from cell death. This has been exten-
sively demonstrated in the oculomotor system (Morcuende et  al. 2013; Benítez-
Temiño et al. 2016). Thus, after monocular enucleation at P0 in rats, the supply of 
different neurotrophic factors, applied intraorbitally by means of a Gelfoam implant, 
has resulted in a significant percentage of axotomized extraocular motoneurons sur-
viving as compared with saline administration. These neurotrophic factors include 
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neuro-
trophin-3 (NT-3) and glial cell-line-derived neurotrophic factor (GDNF). For the 
dose used, NGF and GDNF represent the most potent survival factors for these 
motoneurons, followed by BDNF and lastly by NT-3. The response to the adminis-
tration of these different trophic molecules in neonatal animals after axotomy is 
similar between the different populations of extraocular motoneurons (i.e, oculomo-
tor, trochlear and abducens). However, It is unknown whether MIF and SIF moto-
neurons respond differentially to applied neurotrophins.

As compared with other brainstem and spinal motoneurons, BDNF and NT-3 
yield similar degrees of cell survival after neonatal axotomy, with BDNF being 
more efficient than NT-3 (Sendtner et  al. 1992; Yan et  al. 1992; Koliatsos et  al. 
1993; Clatterbuck et al. 1994). Moreover, and similar to extraocular motoneurons, 
GDNF stands also as the most potent survival factor for other developing motoneu-
ronal types following axonal injury (Oppenheim et al. 1995; Yuan et al. 2000; Chen 
et al. 2010). NGF is a survival factor as powerful as GDNF to rescue injured extra-
ocular motoneurons from cell death in new-borns; however, this is not the case for 
other brainstem and spinal motoneurons. Thus, NGF is unable to rescue developing 
injured facial or spinal motoneurons in either neonatal rats or cultures (Sendtner 
et al. 1992; Houenou et al. 1994; Vejsada et al. 1995). These data are in congruence 
with the peculiar expression of trkA (the high-affinity receptor for NGF) on adult 
extraocular motoneurons which, by contrast, is not present in other brainstem and 
spinal adult motoneurons (Henderson et al. 1993; Koliatsos et al. 1993; Benítez-
Temiño et al. 2004; Morcuende et al. 2011).

Another striking difference of axotomized neonatal extraocular motoneurons 
treated with neurotrophic factors is that the survival effect of these  
molecules-applied as a single dose- is long-lasting (Morcuende et al. 2013), in con-
trast to other motoneuronal types in which the neuroprotective effects of 
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neurotrophic factors are transient, and so they eventually die at longer survival times 
(Eriksson et al. 1994; Vejsada et al. 1995, 1998).

�Effects of Axotomy on the Discharge and Synaptic Properties 
of Extraocular Motoneurons in Adult Mammals

Axotomy of extraocular motoneurons has been extensively studied for abducens 
motoneurons following the section of the VIth nerve. In contrast to immature moto-
neurons, axotomy of adult motoneurons is not followed by cell death. However, 
injured motoneurons present several physiological and structural alterations that 
recover with reinnervation. In alert chronic cats, the discharge of axotomized abdu-
cens motoneurons has been recorded and correlated with the horizontal movement 
of the control eye. Due to the high degree of conjugacy of cat’s horizontal eye move-
ments, it has been demonstrated in control animals that similar motoneuronal firing 
parameters are obtained when correlation of the discharge is performed with one 
eye or another. (Delgado-García et al. 1986; Calvo et al. 2018). After axotomy, the 
firing behavior of the motoneuron is greatly reduced. Thus, during eye fixations, 
axotomized motoneurons fire at low rate and, frequently, their discharge shows an 
exponential decay during the course of the fixation. This means that the motoneuron 
is unable to maintain the tonic discharge for prolonged period of time, thereby 
remaining silent over wide parts of the oculomotor range. This alteration produces 
low values in neuronal eye position sensitivity (k), which are significantly lower 
after axotomy as compared to control. Similarly, axotomized abducens motoneu-
rons show small and delayed bursts of discharge during on-directed saccades, but 
pauses during off-directed saccades. This behavior also leads to a significant 
decrease in neuronal eye velocity sensitivity (r). Firing frequency is also reduced 
during the vestibulo-ocular reflex. Consequently, there is a significant reduction, as 
compared to control, in neuronal eye position and velocity sensitivities during the 
slow phases of the reflex (Delgado-García et al. 1988; Davis-López de Carrizosa 
et al. 2009, 2010; Calvo et al. 2018).

All these changes have been explained based on a decreased excitability of axot-
omized abducens motoneurons and a loss of synaptic afferents (Delgado-García 
et al. 1988). The low excitability of abducens motoneurons after axotomy contrasts 
sharply with the increased excitability shown in axotomized spinal motoneurons. 
For example, axotomized abducens motoneurons do not exhibit dendritic spikes 
and/or partial responses as happens in axotomized spinal motoneurons (Kuno and 
Llinás 1970a, b). Neither there is an increase in input resistance, membrane time 
constant or changes in afterhyperpolarization (Gustafsson 1979; Gustafsson and 
Pinter 1984a, b; Titmus and Faber 1990), demonstrating again singularities in extra-
ocular motoneurons compared to spinal ones.

Following axotomy, a general response that has been described in different types 
of brainstem (including extraocular) and spinal motoneurons is the retraction of 
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afferent boutons contacting with the injured cell (Hamberger et al. 1970; Sumner 
and Sutherland 1973; Sumner 1975a, b; Delgado-García et al. 1988; Davis-López 
de Carrizosa et al. 2009, 2010; Alvarez et al. 2011; Calvo et al. 2018). In the case of 
axotomized abducens motoneurons, the retraction of synaptic inputs arising from 
the prepositus hypoglossi nucleus could explain the partial loss of the tonic signal in 
these injured motoneurons, the withdrawal of boutons originating in reticular neu-
rons is likely the cause of the decreased bursts during on-directed saccades, and 
synaptic stripping from vestibular afferents might be responsible of the decreased 
firing of injured abducens motoneurons during the vestibulo-ocular reflex (Delgado-
García et al. 1988).

Nonetheless, a striking difference between extraocular and spinal motoneurons 
after nerve section is that inhibitory synapses are preferentially lost from the cell 
body of axotomized extraocular motoneurons, whereas in injured spinal motoneu-
rons inhibitory synapses are largely retained in contrast to excitatory synapses 
which are mostly lost on the cell body (Delgado-García et al. 1988; Lindå et al. 
1992; Brännström and Kellerth 1998; Lindå et  al. 2000; Alvarez et  al. 2011; 
Rotterman et al. 2019).

Another interesting aspect of synaptic stripping after a lesion, common to all 
neuronal types analyzed so far (e.g., axotomized brainstem and spinal motoneu-
rons), is that it occurs associated with an increase in glial processes, which in many 
cases appear interposed between the bouton and the somatic membrane of the 
injured neuron. The so-called distal glial reaction is characterized by the hypertro-
phy of astrocytes, which express increased levels of glial fibrillary acidic protein 
(GFAP), and by the proliferation of microglial cells (Svensson et al. 1993; Davis-
López de Carrizosa et al. 2009, 2010; Calvo et al. 2018). Reactive glial cells have 
been implicated in the removal of presynaptic terminals from axotomized neurons 
(Blinzinger and Kreutzberg 1968; Graeber and Kreutzberg 1988; Kreutzberg et al. 
1989; Svensson et al. 1993; Yamada et al. 2011; Kettenmann et al. 2013; Spejo and 
Oliveira 2015).

�BDNF and NT-3: Two Neurotrophins with Complementary 
Actions on the Function/Structure of Extraocular Motoneurons

Extraocular motoneurons are responsive to several neurotrophic factors, such as 
neurotrophins and vascular endothelial growth factor (VEGF, see below). It has 
been demonstrated that these motoneurons express the high-affinity receptors for 
NGF (TrkA), BDNF (TrkB) and NT-3 (TrkC) and that extraocular muscles express 
NGF, BDNF and NT-3, and in consequence these factors may act as target-derived 
trophic molecules for extraocular motoneurons (Benítez-Temiño et al. 2004, 2016; 
Davis-López de Carrizosa et  al. 2010; Morcuende et  al. 2011; Hernández et  al. 
2017). Neurotrophic factors are essential for survival during development but as 
neurons mature they lose dependence on these molecules, which are mainly 
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provided by target cells. However, although in the adult state, the lack of target-
derived neurotrophic factors (e.g., by axotomy) is not followed by retrograde cell 
death, it does produce remarkable alterations of numerous functional and structural 
aspects of target-deprived neurons, including all types of skeletal motoneurons 
(Purves 1990).

Interestingly, the exogenous administration of different neurotrophic factors to 
axotomized extraocular motoneurons produce distinctive and peculiar effects, in all 
cases in the direction of preventing or recovering the axotomy-induced alterations, 
as has been demonstrated clearly for abducens motoneurons (Davis-López de 
Carrizosa et al. 2009, 2010; Benítez-Temiño et al. 2016; Calvo et al. 2018).

A striking situation occurs after the administration of the neurotrophins BDNF 
and/or NT-3 to axotomized abducens motoneurons (Davis-López de Carrizosa et al. 
2009; Benítez-Temiño et al. 2016). BDNF recovers the tonic firing of injured abdu-
cens motoneurons, so that motoneurons can sustain a tonic discharge that is propor-
tional to the position of the eye in the orbit. This yields neuronal eye position 
sensitivities in BDNF-treated axotomized motoneurons similar to control, whereas 
untreated axotomized motoneurons have significantly lower position gain. However, 
BDNF is unable to recover the loss of the phasic signal in axotomized abducens 
motoneurons, so that these neurons discharge, as during axotomy, small bursts of 
spikes during on-directed saccades. Therefore, the reduction in neuronal eye veloc-
ity sensitivity observed in axotomized motoneurons is not restored by BDNF. The 
tonic component of abducens motoneuron firing arises from the output of a velocity-
to-position integrator (Aksay et  al. 2001) whose main output cells are the burst-
tonic neurons of the prepositus hypoglossi nucleus (Escudero et al. 1992). So this 
input is likely retained by BDNF treatment. Indeed, confocal analysis shows, when 
BDNF is delivered to axotomized motoneurons, a partial recovery of the synaptic 
loss due to axotomy (Fig. 6).

NT-3 administration to axotomized abducens motoneurons leads to the comple-
mentary effects to those observed after BDNF treatment. Thus, NT-3 recovers the 
phasic behavior of axotomized abducens motoneurons, so that high frequency 
bursts of spikes appear, as in control, preceding on-directed saccades, but this neu-
rotrophin is unable to recover the loss of the tonic firing in axotomized motoneurons 
that occurs during eye fixations. As a consequence, there is a recovery in neuronal 
eye velocity sensitivity, with values similar to control, but neuronal eye position 
sensitivity is not restored after axotomy and NT-3 treatment, showing values signifi-
cantly lower than control (Fig. 6). The phasic component of abducens motoneurons 
is provided by burst reticular neurons (excitatory and inhibitory, EBN, IBN) located 
in the paramedian pontine reticular formation (Highstein et al. 1976; Hikosaka et al. 
1978; Igusa et al. 1980) which convey a strong burst during on-directed saccades 
and a pause during saccades in the opposite direction (Büttner-Ennever 2006). 
Therefore, it is likely that NT-3 exerts a trophic support on these afferents. This is in 
consonance with the finding, at the confocal level, of a partial recovery of synaptic 
boutons observed in NT-3-treated axotomized motoneurons, in comparison with the 
large synaptic detachment that occurs in untreated axotomized motoneurons.
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Fig. 6  A hypothetical link between motoneuronal type and neurotrophin delivery from mus-
cle. SIF and MIF muscle fibers would supply motoneurons with different combinations of neuro-
trophins leading to variations in motoneuronal discharge. Thus, SIF muscle fibers would produce 
mainly BDNF whereas MIF muscle fibers would synthetize mainly NT-3. This different neuro-
trophic supply could affect motoneuronal synaptic inputs (illustrated to the left in the figure) in a 
critical way, so that BDNF would enhance synaptic transmission from tonic afferents (leading to a 
more tonic firing in MIF motoneurons) whereas NT-3 would improve synaptic strength from pha-
sic afferents (leading to a more tonic-phasic discharge in SIF motoneurons). BDNF and NT-3 
would be secreted as a gradient in a complementary way, whereas the release of NGF would be 
more homogeneous between muscle fibers. In turn, SIF and MIF motoneurons should contain the 
different Trk receptors for the three neurotrophins, as indicated. (Reproduced from Benítez-
Temiño et al. 2016)

Remarkably, when BDNF and NT-3 are applied together to axotomized abdu-
cens motoneurons, the complementary effects of each neurotrophic add and the 
result is the complete recovery of the typical tonic-phasic firing pattern of abducens 
motoneurons. Also, the density of synaptic afferents impinging on these axotomized 
motoneurons treated with the two factors recovered to values similar to control.

It is important to emphasize that both neurotrophins require a continuous supply 
in order to recover abducens motoneurons from the axotomy state. When adminis-
tration ceases, the effects of trophic support wanes and motoneuron firing resembles 
again the axotomy state (Davis-López de Carrizosa et al. 2009).
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�NGF Activity in Extraocular Motoneurons

Unlike other cranial and spinal motoneurons (Lindsay 1994; Ferri et  al. 2002), 
extraocular motoneurons are peculiar in that they express the high affinity receptor 
for NGF, TrkA (Benítez-Temiño et al. 2004). In contrast, other cranial and spinal 
motoneurons only express TrkA transiently during development so that only TrkB 
(for BDNF) and TrkC (for NT-3) are present in adults (Merlio et al. 1992; Henderson 
et al. 1993; Koliatsos et al. 1993; Piehl et al. 1994). During development, spinal 
motoneurons contain TrkA receptors but their expression in downregulated during 
maturation (Ernfors et al. 1989, 1991). Interestingly, the expression of TrkA recep-
tors is induced in adult spinal motoneurons by axotomy (Omura et al. 2005) but 
disappears after the reinnervation of the target muscle (Koliatsos et  al. 1993). 
Motoneurons affected by amyotrophic lateral sclerosis (ALS), a disease that does 
not affect extraocular motoneurons, shift their expression of Trk receptors from 
TrkB and Trk C to TrkA (Nishio et al. 1998). The reasons for the continuous respon-
siveness of extraocular motoneurons to NGF (due to constitutive expression of 
TrkA), in contrast to other motoneuronal types are unclear, but it might be related to 
their higher resistivity to some motoneuronal degenerative diseases, like ALS 
(Hernández et al. 2017).

NGF has also been administered to injured abducens motoneurons (Davis-López 
de Carrizosa et al. 2010; Benítez-Temiño et al. 2016). NGF recovers the loss of the 
tonic and phasic components of the firing pattern of axotomized abducens motoneu-
rons, so that neuronal eye position and velocity sensitivities do not fall to the low 
levels typical of the axotomy situation. Strikingly, these two parameters (k and r) 
increase even above control values, demonstrating an increased excitability in axot-
omized motoneurons when provided with this factor. The recovery of the tonic-
phasic discharge produced by NGF administration is in congruence with the 
restoration of a normal synaptic complement in NGF-treated injured motoneurons, 
as observed by confocal microscopy.

NGF treatment produces two singular responses in axotomized cells, not 
observed in control. First, motoneurons exhibit a notorious increase in discharge 
variability during ocular fixations, so that the coefficient of variation in NGF-treated 
injured motoneurons (i.e., the percentage ratio of the standard deviation to the mean 
firing during stationary eye positions) raises significantly in relation to both, control 
and axotomy. NGF has been shown to regulate excitability through several ionic 
currents (Zhang and Nicol 2004; Luther and Birren 2009), one of them present in 
oculomotor motoneurons (Nieto-Gonzalez et al. 2009). There are several mecha-
nisms proposed to explain an increase in firing irregularity: (i) fluctuations pro-
duced by synaptic noise after any depolarization that carries membrane potential 
near spike threshold (Calvin and Stevens 1968); (ii) the location of inhibitory syn-
apses near the axon hillock (Shadlen and Newsome 1998); and (iii) the synchroniza-
tion of inputs (Lampl et  al. 1999). The mechanism by which NGF increases the 
irregularity of firing in axotomized abducens motoneurons has not yet been revealed.
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The second singularity of NGF treatment is the increase that produces in eye 
position threshold (i.e., recruitment threshold), in comparison with both axotomy 
and control. The elevation in recruitment threshold is accompanied by an increase 
in the ratio of inhibition to excitation (González-Forero et al. 2002, 2004; Salama-
Cohen et al. 2006; Davis-López de Carrizosa et al. 2010).

By means of selective inhibitors of either the high-affinity receptor (TrkA) or the 
low-affinity receptor (p75) of NGF, it has been demonstrated that the different 
effects of NGF on axotomized abducens motoneurons are signaled selectively by 
the activation of one or the other receptor. In particular, NGF acting through TrkA 
receptors mostly regulates the tonic-phasic discharge pattern related to eye move-
ments and maintains the synaptic inputs on these motoneurons. On the other hand, 
p75 signaling is mainly involved in the increase of both firing irregularity and 
recruitment threshold (Davis-López de Carrizosa et al. 2010).

�VEGF: A Powerful Neurotrophic Factor 
for Extraocular Motoneurons

VEGF was first discovered by its angiogenic activity (Senger et al. 1983; Ferrara 
and Henzel 2012) and later confirmed as a molecule that also acts in the CNS as a 
neuroprotective factor (Storkebaum et al. 2004; Lambrechts and Carmeliet 2006; 
Lange et al. 2016). Indeed, during the course of evolution, VEGF appeared first as a 
neurotrophic factor essential for the development of the nervous system in inverte-
brates lacking or having a rudimentary circulatory system, and later on it acquired 
its vascular promoting activity in animals with a well-established vascular system 
(Zacchigna  et  al. 2008). VEGF has been shown to be neuroprotective in diverse 
types of neurons and following different types of insults (Carmeliet and Storkebaum 
2002; Storkebaum et al. 2004; Nicoletti et al. 2008; Lange et al. 2016). However, it 
should be emphasized that it plays a special role as a neuroprotective factor in moto-
neurons. Thus: (i) low levels of VEGF in the mutant mice VEGFδ/δ lead to motoneu-
ron degeneration resembling ALS (Oosthuyse et al. 2001); (ii) its delivery to animal 
models of ALS slows the progression of motoneuronal degeneration and increases 
life expectancy (Azzouz et al. 2004; Wang et al. 2016); (iii) its administration in the 
spinal cord of rats exposed to excitotoxic motoneuron degeneration prevents paraly-
sis and motoneuronal death (Tovar-y-Romo et al. 2007); and (iv) it improves motor 
behavior in different models of motoneuronal degeneration (Azzouz et  al. 2004; 
Storkebaum et al. 2005; Tovar-y-Romo et al. 2007).

Extraocular motoneurons, as spinal motoneurons, express the two tyrosine 
kinase receptors of VEGF, VEGFR-1 and VEGFR-2, and are therefore responsive to 
this factor (Calvo et al. 2018). Moreover, VEGF can act as a retrograde neurotrophic 
support for these motoneurons since they express this factor (Calvo et  al. 2018) 
Following the section of the VIth nerve, the administration of VEGF prevents and 
recovers (depending on the time of VEGF administration in relation to lesion) the 
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axotomy-induced alterations in abducens motoneurons, both physiologically and 
morphologically. VEGF-treated axotomized motoneurons show a normal discharge 
activity. Thus, they fire at higher tonic rates for eye fixations more in the on (tempo-
ral) direction exhibiting a normal firing regularity. They also show during saccades 
the behavior typical of control, that is, a high-frequency burst of spikes for on-
directed saccades and a pause or abrupt decay in firing rate for off-directed sac-
cades, and finally they modulate properly during the vestibulo-ocular reflex. 
Consequently, VEGF treatment produces in axotomized abducens motoneurons 
eye-related parameters similar to control and significantly different to axotomy 
(Calvo et al. 2018).

Since the different signals encoded by abducens motoneurons are provided pref-
erentially by particular afferents as stated above (Escudero and Delgado-García 
1988; Büttner-Ennever 2006), these physiological findings indicate that VEGF is 
also acting to maintain or recover synaptic inputs arising from different sources, 
which are lost following axotomy. Indeed, immunocytochemical procedures viewed 
at the confocal level have revealed, in agreement with the physiological data, a nor-
mal density of afferent synaptic boutons in VEGF-treated axotomized motoneurons 
demonstrating that VEGF blocks the synaptic stripping that occurs in injured neu-
rons. In parallel, the astroglial reaction around motoneurons that ensues nerve sec-
tion, which is associated with synaptic detachment, is not present when VEGF is 
delivered (Calvo et al. 2018).

7 � Higher Resistance of Extraocular Motoneurons 
to Degeneration in ALS

ALS is a devastating disease characterized by the progressive degeneration of moto-
neurons causing muscle weakness and later on motor paralysis that ultimately leads 
to the loss of respiratory function, thereby resulting in death in 3–5 years (Cleveland 
and Rothstein 2001; Peters et al. 2015). However, not all motoneurons are equally 
affected by the disease. Thus, whereas most motoneuronal types degenerate, extra-
ocular motoneurons are resistant to neurodegeneration in ALS. At early stages of 
the disease, a severe neuronal loss is observed in facial, trigeminal, hypoglossal and 
spinal motoneuronal pools. In contrast, the oculomotor, trochlear and abducens 
nuclei remain unaffected, as observed both in animal models of the disease and in 
human ALS (DePaul et  al. 1988; Reiner et  al. 1995; Nimchinsky et  al. 2000; 
Haenggeli and Kato 2002). The mechanisms of the selective resistance of extraocu-
lar motoneurons in ALS are still unclear, although several hypotheses have been 
proposed.

Extraocular motoneurons are enriched in calcium-binding proteins, especially 
parvalbumin, as compared with other motoneuronal types, which might confer them 
with a neuroprotective mechanism against high intracellular concentrations of free, 
extremely cytotoxic Ca++ ions due to the buffering capacity of these 
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calcium-binding proteins (Alexianu et  al. 1994; Elliott and Snider 1995; Reiner 
et al. 1995; de la Cruz et al. 1998; Dekkers et al. 2004). The high concentration of 
calcium buffering proteins in extraocular motoneurons together with the expression 
of different types of glutamate receptors between resistant versus vulnerable moto-
neurons might prevent motoneuronal degeneration in extraoculomotor nuclei pro-
duced by glutamate overstimulation (Medina et al. 1996; Laslo et al. 2001). Along 
these lines, it is important to note that one of the main mechanisms proposed to 
explain the etiology of ALS is glutamate excitotoxicity. Indeed, the only FDA-
approved therapy in ALS, Riluzole, functions by decreasing glutamate toxicity 
(Bruijn et  al. 2004). Motoneurons are especially vulnerable to excitotoxicity in 
comparison with other neuronal types because they contain a high number of AMPA 
receptors permeable to Ca++. The Ca++ entry via these AMPA receptors has been 
proposed as the cause of the selective motoneuron death. Ca++-permeable AMPA 
receptors are characterized by the absence of the GluR2 subunit, and motoneurons 
are relatively deficient in GluR2. Thus, it has been hypothesized that the selective 
vulnerability of motoneurons to excitotoxicity is due to their relative deficiency in 
GluR2, that increases the risk of Ca++ entry in these neurons (Van Damme et al. 2002).

Other authors have proposed that the presence of the neuropeptide calcitonin 
gene-related peptide (CGRP) might predict the degree of motoneuron vulnerability 
in ALS animal models. Thus, oculomotor, trochlear and abducens nuclei (III, IV 
and VI) contain mostly non-CGRP motoneurons, whereas motor nuclei V, VII and 
XII (trigeminal, facial and hypoglossal) contain equal numbers of high-CGRP, low-
CGRP, and non-CGRP motoneurons, and the spinomedullary group (ambiguus 
nucleus and lumbar spinal cord) contains mainly motoneurons with high levels of 
CGRP. At end-stages of mutant mice showing ALS-like disease, the extent of moto-
neuron loss correlates with the expression level of CGRP: neurons with high CGRP 
die by 80%, those with low CGRP by 50% and those with non CGRP (i.e., extraocu-
lar motoneurons) are not affected in any of the three motor nuclei (Ringer et al. 2011).

An alternative mechanism proposed to explain the pathogenesis of ALS lies in a 
low availability of neurotrophic factors (Bruijn et al. 2004). It is well known that 
neurotrophic factors selectively regulate the growth and survival of certain popula-
tions of neurons in the central and peripheral nervous systems and that they play an 
essential role in neuronal development and in the maintenance of differentiated neu-
rons in the adult (Purves 1990). In this sense, it is important to highlight that extra-
ocular motoneurons contain a greater amount of neurotrophins (NGF, BDNF, NT-3) 
than other motoneurons vulnerable to ALS (e.g., those of the facial and hypoglossal 
nuclei), which either contain neurotrophins to a lesser extent or are virtually devoid 
of these proteins, depending on each neurotrophin. Target muscles are the main 
source of neurotrophic supply for motoneurons, so it is also important to test the 
presence of neurotrophins in muscles. It has been shown that extraocular muscles 
contain neurotrophins to a greater extent compared to facial (buccinator) and tongue 
muscles. Therefore, it has been suggested that the differences in neurotrophin avail-
ability could be related to the particular resistance of extraocular motoneurons to 
neurodegeneration (Hernández et al. 2017b). In relation to neurotrophins, another 
aspect that characterized extraocular motoneurons as compared with other 
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motoneuronal types is that only extraocular motoneurons express the high affinity 
receptor of NGF, TrkA, in the adult CNS (Benítez-Temiño et al. 2004; Davis-López 
de Carrizosa et al. 2010; Morcuende et al. 2011). Other brainstem or spinal moto-
neurons express the high affinity receptors for BDNF, TrkB, and NT-3, TrkC, but 
lack TrkA (Koliatsos et al. 1991; Merlio et al. 1992; Henderson et al. 1993; Piehl 
et al. 1994). Extraocular motoneurons also express TrkB and TrkC (Benítez-Temiño 
et al. 2004). Moreover, abducens motoneurons respond to NGF exogenous admin-
istration, so that they recover after axotomy the typical tonic-phasic discharge pat-
tern (although with certain peculiarities) which is lost by injury (Davis-López de 
Carrizosa et al. 2010). Therefore, the particular responsiveness of extraocular moto-
neurons to NGF, in contrast to other motoneuronal types, might contribute to their 
higher resistance to neurodegeneration in diseases such as ALS.

Another neurotrophic factor which stands out as highly neuroprotective for 
unhealthy motoneurons is VEGF. Low levels of VEGF in mutant mice lead to adult-
onset motoneuron degeneration resembling ALS (Oosthuyse et al. 2001), and its 
delivery to animal models of ALS delays the onset of motoneuron degeneration, 
preserves neuromuscular junctions, and prolongs the survival of these animals 
(Azzouz et al. 2004; Storkebaum et al. 2005). Therefore, it may be possible that 
VEGF acts as an essential factor to maintain brainstem and spinal motoneurons in a 
healthy state. It has been shown recently that whereas virtually all extraocular moto-
neurons of the oculomotor, trochlear and abducens nuclei express VEGF and its 
main receptor, VEGFR-2 (also named Flk-1), the majority of facial and hypoglossal 
motoneurons lack both VEGF and its receptor Flk-1 (Silva-Hucha et  al. 2017). 
These data have led to the hypothesis that differences in VEGF availability and 
signaling could contribute to the different susceptibility of extraocular motoneu-
rons, as compared with other cranial and spinal motoneurons, to neurodegeneration 
in ALS (Silva-Hucha et  al. 2017). Moreover, it has also been demonstrated that 
VEGF protects motoneurons against excitotoxicity by upregulation of the subunit 
GluR2 of the AMPA receptor since AMPA receptors containing GluR2 are not per-
meable to Ca++ ions (Bogaert et al. 2010). Altogether, the presence of higher amounts 
of VEGF in extraocular motoneurons might allow these neurons to express AMPA 
receptors containing the subunit GluR2 and, in this way, rendering extraocular 
motoneurons highly impermeable to the entry of Ca++ ions, which gives them neu-
roprotection against excitotoxicity. Since other motoneurons have a lesser amount 
or lack VEGF, they could be more susceptible to excitotoxicity, which is one of the 
main hypothesis explaining the pathogenesis of ALS (Bruijn et  al. 2004; Silva-
Hucha et al. 2017).

8 � Conclusions and Perspectives

The complementary effects of BDNF and NT-3 in regulating the tonic versus the 
phasic firing are highly remarkable in view of the existence of functional diversity 
in the oculomotor system. These findings could indicate that different classes of 
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motoneurons might be defined with respect to their trophic influence from the mus-
cle fibers they innervate. Thus, an interesting topic to investigate would be to ana-
lyze the possibility of a link between neurotrophic factors and the structural/
functional differences between MIF and SIF extraocular motoneurons. In this line, 
it could be hypothesized that MIF motoneurons would respond preferentially to 
BDNF, whereas SIF motoneurons might be regulated mostly by NT-3 (Fig. 3). This 
suggestion remains, however, to be explored.

VEGF is a potent neurotrophic factor for extraocular motoneurons, able to 
restore both components of the discharge of these motoneurons, the tonic and the 
phasic, along with a normal synaptic complement, restoring all axotomy-induced 
morphophysiological alterations to control values. Moreover, extraocular motoneu-
rons are enriched in this molecule and its main receptor in comparison with other 
motoneurons, suggesting that it might play an important role in the higher resistance 
of extraocular motoneurons to degeneration in motoneuronal diseases such as ALS.
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Motoneuron Diseases

Francesco Lotti and Serge Przedborski

Abstract  Motoneuron diseases (MNDs) represent a heterogeneous group of pro-
gressive paralytic disorders, mainly characterized by the loss of upper (corticospi-
nal) motoneurons, lower (spinal) motoneurons or, often both. MNDs can occur from 
birth to adulthood and have a highly variable clinical presentation, even within 
gene-positive forms, suggesting the existence of environmental and genetic modi-
fiers. A combination of cell autonomous and non-cell autonomous mechanisms con-
tributes to motoneuron degeneration in MNDs, suggesting multifactorial pathogenic 
processes.

Keywords  Amyotrophic lateral sclerosis · Cell autonomy · Motor cortex · Spinal 
cord · C9ORF72 · FUS · Motoneuron diseases · Neurodegeneration · Superoxide 
dismutase-1 · Spinal muscular atrophy · TDP43

1 � Introduction

Motoneuron diseases (MNDs) refers to a collection of neurological conditions 
grouped together on the basis of shared clinical and neuropathological hallmarks: 
muscle wasting and weakness attributed to the specific loss of upper motoneurons – 
giant multipolar, pyramidal neurons called Betz cells in layer V of the primary 
motor cortex of the cerebral cortex – and/or lower motoneurons – primarily multi-
polar alpha-motoneurons found in the brainstem motor nuclei and anterior horn of 
the spinal cord (Highley and Ince 2012; Rowland et al. 2010). Furthermore, it is 
increasingly recognized that while motoneurons are the main and shared target of 
the neurodegenerative processes in MNDs, non-motoneurons may also be affected 
(Highley and Ince 2012), suggesting that these paralytic disorders may be more 
multisystem neurodegenerative disorders than initially thought. This is why, 
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now-a-day, reference to frontal temporal dementia is often part of the discussion 
about the clinical spectrum of MNDs, as mentioned below.

Most MNDs are sporadic, meaning that they seem to occur at random with no 
family history of the diseases. However, some cases are inherited, due to mutations 
in a variety of genes (Kim et al. 2020a; Shribman et al. 2019; Tisdale and Pellizzoni 
2015) or caused by viral infections such as poliovirus, West Nile virus or enterovi-
rus D68 (Fatemi and Chakraborty 2019), biochemical defects such as hexosamini-
dase deficiency (Johnson et  al. 1982) and even, presumably, by heavy metal 
poisoning provoked by lead or mercury exposures (Campbell et  al. 1970; 
Mitchell 1987).

Typically, MNDs include diseases such as amyotrophic lateral sclerosis (ALS), 
progressive bulbar palsy, primary lateral sclerosis, progressive muscular atrophy, 
spinal muscular atrophy (SMA), Kennedy’s disease, and post-polio syndrome. 
However, rather than discussing each MND, this chapter will focus mainly on ALS 
(also known as Lou Gehrig’s disease or motoneurone disease), as the prototypical 
example of adult-onset MND, and on SMA, as the prototypical example of 
childhood-onset MND. ALS, which is the most common MND, is typically a mid-
life progressive paralytic disorder that presents as sporadic in 90% and familial in 
10% of all cases characterized neuropathologically by the loss of both upper moto-
neurons and lower motor neurons associated with gliosis and a variety of protein-
aceous aggregates such as ubiquitinated, transactive response DNA-binding protein 
of 43 kDa (TDP43) neuronal cytoplasmic inclusions (Highley and Ince 2012; Ince 
and Wharton 2007). As for SMA, it is a pure lower MND due to autosomal recessive 
mutations in the SMN1 gene that encodes for the survival motor neuron protein 
(SMN) (Ince and Wharton 2007; Tisdale and Pellizzoni 2015). We recognize that 
this selection introduces a bias, yet these two MNDs encompass the vast majority of 
patients afflicted with disorders of the motoneurons, and thus should provide a 
faithful picture of the state of affairs regarding these neurodegenerative paralytic 
conditions. Reader interested in other kind of MNDs is directed to the following 
references (Fatemi and Chakraborty 2019; Ince and Wharton 2007; Shribman 
et al. 2019).

2 � What Some Numbers Tell About MNDs

Logroscino et al. 2018 while this figure is dramatic, relative to other common neu-
rodegenerative disorders such as Parkinson’s disease and Alzheimer’s disease, it is 
more than 12- and 84-fold smaller, respectively (Feigin et al. 2019). Although this 
relatively low number of affected individuals reflects the MNDs low worldwide all-
age prevalence (4·5 per 100 000 people) and incidence (0·78 per 100 000 person-
years) (Logroscino et al. 2018), it fails to capture the dramatic impact of MNDs at 
the public health level, in part, due to the fact that these paralytic disorders cause 
disproportionally higher disability and fatality rates compared to other neurodegen-
erative disorders. For instance, based on the data reported in two large 
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epidemiological studies (Feigin et al. 2019; Logroscino et al. 2018), if one calcu-
lates ratios of the disability-adjusted life year divided by the prevalence for MNDs, 
Parkinson’s disease and Alzheimer’s disease in 2016, it is found that the overall 
disease burden among individuals with MNDs is 4–5 times higher than that among 
individuals with Parkinson’s disease or Alzheimer’s disease. Likewise, if one calcu-
lates the worldwide annual case fatality rate in individuals with MNDs for 2016, it 
is more than 10%, which is 2- and 3-times higher than that in individuals with 
Parkinson’s disease and Alzheimer’s disease, respectively.

Other striking epidemiological findings worth mentioning include sex and geo-
graphical differences in the occurrence of MNDs. For instance, the prevalence of 
MNDs was found to be consistently higher in males than females across all age 
groups, a difference thought to be attributed to distinct exposure of females to envi-
ronmental factors, such as smoking (GBD 2017). However, the evidence for an 
association of smoking with MNDs was found to be insufficient (Logroscino et al. 
2018). Moreover, Logroscino et al. (2018) reported that the highest incidence and 
prevalence for MNDs are found in high-income countries such as North America, 
Australia/New Zeeland and western Europe whereas the lowest incidence and prev-
alence are found in sub-Saharan Africa, a geographical heterogeneity that persists 
even after controlling for differences in age structure among different countries. 
Although one may argue that such epidemiological differences are rooted in health 
care disparity among countries, Logroscino et al. (2018) also showed that the age-
standardized prevalence and incidence for MNDs are much lower than expected in 
high-income Asia Pacific countries such as Japan, Singapore or South Korea. Thus, 
sociodemographic development inequalities are unlikely the sole factor responsible 
for geographic variation in MNDs occurrence and burden of disease. Cogent to this 
intriguing observation, Hardiman (2018) pointed out that, while the incidence varia-
tion of SMA across populations, which, as indicated above, is monogenic form of 
MND, might be a function of different carrier rates of the disease-causing variants 
of the SMN1 gene across different ancestral populations, the reasons for the geo-
graphic heterogeneity of largely sporadic MNDs such as 90% of all cases of ALS is 
unclear. Over the years, some examples of geographic clusters of ALS have been 
described, supporting a role of lifestyles, occupations, sports and environment in the 
occurrence of ALS (Ingre et  al. 2015). One such example includes the Western 
Pacific form of ALS, mainly in Guam and the Kii Peninsula of Honshu Island, 
Japan, where the disease had a prevalence 50–100 times higher than in other parts 
of the world (Kuzuhara et al. 2001; Plato et al. 2003). Likewise, higher occurrence 
of ALS was found in Italy among professional football players (Chio et al. 2005, 
2009) and in the USA among deployed members of the army (IOM 2006). 
Geographic heterogeneity is also well documented for a rare MND called mono-
melic amyotrophy, which is marked by an insidious onset of focal weakness and 
muscle wasting most commonly affecting an arm and a hand (Brannagan III 2010). 
Indeed, while this particular MND has a global distribution, it is essentially seen in 
individuals from Japan, China and India (Brannagan III 2010). These clusters while 
quite enlightening must be regarded as the exceptions rather than the rules. 
Moreover, a careful review of the long list of occupational and environmental 
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factors did not find any definitive association with MNDs (Logroscino et al. 2018), 
including ALS (Ingre et al. 2015). Yet, before discounting a contribution of the envi-
ronment in MNDs, it would be important to study these non-genetic factors, no 
longer individually but in combination and via their potential interaction with 
genetic factors. Here, the latter do not refer to pathogenic mutations in genes such 
as C9ORF72, superoxide dismutase 1 (SOD1), fused in sarcoma/translocated in 
liposarcoma (FUS/TLS), TAR DNA Binding Protein 43 (TARDBP) or SMN1, which 
are known genetic causes of MNDs (Kim et al. 2020a; Shribman et al. 2019; Tisdale 
and Pellizzoni 2015), but rather genetic variants associated with an increased risk of 
developing MNDs. Along this line, it must be mentioned that the gene encoding for 
ATAXIN-2, which is a known cause of spinocerebellar ataxia when its polygluta-
mine expansion is greater than 34 glutamines, increases the risk of developing ALS 
when its polyglutamine expansion is between 27 and 33 (Elden et al. 2010).

Lastly, it is important to emphasize that the occurrence of MNDs is rare before 
the age of 50 but, thereafter, it increases dramatically with a peak at around 85 years 
(Logroscino et  al. 2018). This observation supports the notion that, like in other 
neurodegenerative disorders such as Parkinson’s disease and Alzheimer’s disease 
(Tanner et al. 2014), older age is a risk factor for developing MNDs, a fact that may 
have far reaching implications for the generations to come. Indeed, as previously 
noted (Przedborski 2017), over the past century, the growth rate of the population 
ages 65 and above in industrialized countries has far exceeded that of the population 
as a whole. Therefore, it can be anticipated that, over the next generations, the pro-
portion of elderly citizens will double and consequently, the number of persons 
suffering from MNDs will rise dramatically as well.

3 � The Different Facets of Genetics in MNDs

Over the past two decades, advances in genetics have been transformative for our 
understanding of the possible causes and mechanisms of MNDs. Not only has 
genetics led to the discovery of a long list of gene mutations that cause MNDs, but 
it also led to the emergence of new concepts that have modified our approach to 
these paralytic disorders such as oligogenic inheritance (i.e. a trait influenced by a 
few genes, which represents an intermediate between monogenic inheritance in 
which a trait is determined by a single causative gene, and polygenic inheritance, in 
which a trait is influenced by many genes and often environmental factors) and 
pleiotropy (i.e. a phenomenon by which one gene controls the expression of several 
phenotypic traits).
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�Sporadic Does Not Equate Non-genetic in MNDs

An absence of family history for the disease in a patient with a MND is necessary 
to refer to this case as sporadic, but it is not sufficient to rule out a genetic basis. 
Indeed, a single, isolated occurrence of a genetic MND in a family can results from 
wrong family histories related to, for example, non-paternity, adoption, or failure to 
recognize MNDs in affected family members as well as monogenic causes with 
reduced penetrance or de novo mutations. Relevant to this, roughly 11% of cases of 
sporadic ALS in populations of European ancestry were found to harbor mutations 
in a known ALS-related gene, of which more than half were hexanucleotide repeat 
expansion in C9ORF72 and, to a lesser extent, mutations in SOD1 (Renton et al. 
2014); of note, this relatively high proportion of pathogenic C9ORF72 repeat 
expansion in sporadic ALS is true for white populations with high Scandinavian 
admixture (Majounie et al. 2012), but is very low in other populations.

Moreover, even in absence of known pathogenic mutations, evidence of herita-
bility has been well documented, for example, in sporadic ALS by parent-offspring 
(Ryan et  al. 2019), twin (Al-Chalabi et  al. 2010; Graham et  al. 1997), pedigree 
(Wingo et al. 2011) and genome wide single-nucleotide polymorphism data (Fogh 
et al. 2014; Keller et al. 2014; McLaughlin et al. 2017; van Rheenen et al. 2016). 
These studies have used different populations, samples sizes, and methodologies, 
hence, have generated different estimates of heritability of ALS ranging from as 
high as 85% to as low as 7.2%. However, the main point here is not the large vari-
ability, but the fact that all of these studies converge toward the same conclusion that 
sporadic ALS carries some significant heritability. Incidentally, since ALS is more 
frequent in men than in women (Rowland et al. 2010), it is remarkable to note that 
its heritability estimates were reported to be the highest in mother-daughter pairings 
(Ryan et al. 2019), suggesting the possibility that sex influences the risk of the dis-
ease differently between related and unrelated individuals.

These findings indicate that a small fraction of sporadic ALS heritability can be 
explained by mutations in known ALS genes, but a much larger portion remains 
unsolved albeit possible sources include mutations in new genes (Cirulli et al. 2015; 
Gelfman et al. 2019), epigenetic alterations (Young et al. 2017), and oligogenic/
polygenic effects (van Blitterswijk et al. 2012a). Relevant to the latter, 60% of spo-
radic ALS patients were found to have rare or novel variants in 169 known and 
candidate ALS disease genes (Couthouis et al. 2014). Likewise, in 46 sporadic ALS 
patients living in Hong Kong, 67% had at least one rare variant in the exon of 40 
ALS genes and 22% had two or more rare variants (Pang et al. 2017). In aggregate, 
these findings suggest that a significant proportion of sporadic patients may harbor 
rare variants in ALS risk genes, which may help to identify the missing heritability 
of sporadic ALS.
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�Same Phenotype Due to Mutations in Different Genes

Among MNDs, ALS stands out from the rest on the basis that both gene-positive 
and gene-negative forms occur in substantial proportions, and strikingly these two 
distinct forms of ALS, while showing population differences are indistinguishable 
at the patient level both clinically and neuropathologically, implying that they might 
share common underlying mechanisms. Over the years, it has been thought that this 
phenotypic similarity justifies the analysis of rare gene-positive MNDs, as it could 
well illuminate the pathogenesis of both. However, the gene-positive counterparts 
of gene-negative ALS are typically due to mutations in ostensibly dissimilar genes, 
with mutations in SOD1, TARDBP, FUS, VCP, C9ORF72, and PFN1 accounting 
for about 60–70% of all familial ALS cases (Nguyen et al. 2018). The genetic het-
erogeneity associated with specific MNDs is to be expected since thus far the tax-
onomy of MNDs rests on clinical criteria, lumping under the same label disorders 
that merely look alike. Nonetheless, this striking situation raises the possibility that 
no matter how disparate these mutated genes appear to be, the functions of the 
respective gene products might intersect in common pathways, a view that is in 
keeping with the demonstrations of shared neuropathology that spans across genes 
(Highley and Ince 2012). Along this line, overlapping cellular and molecular path-
ways have begun to emerge. In the case of ALS, such converging themes include 
disturbances in RNA metabolism, impaired proteostasis (including trafficking and 
degradation defects), axonal transport disruption, aberrant liquid-liquid phase tran-
sition and neuroinflammation (Beers and Appel 2019; Cook and Petrucelli 2019; 
Kim et  al. 2020a; Schon and Przedborski 2011; Taylor et  al. 2016; Tisdale and 
Pellizzoni 2015). This suggests that there may be more commonality in the cellular 
and molecular mechanisms of neurodegeneration among the different causes of a 
given MND phenotype than among different MND phenotypes. Along this line, we 
can further speculate that pathway analyses in genetic MNDs such as X-linked 
recessive spinobulbar muscular atrophy (Kennedy’s disease), hereditary spastic 
paraplegia and SMA may shed light on the mechanisms of bulbar, spinal or cortical 
motoneuron degeneration in, respectively, progressive bulbar palsy, progressive 
muscular atrophy and primary lateral sclerosis (Chio et al. 2011).

�Different Phenotypes Due to Mutations in the Same Gene

Just as similar MND phenotypes can be caused by mutations in different genes, 
mutations in the same gene can give rise to more than one clinical phenotype of 
MNDs (e.g. the same mutation causing both bulbar or spinal onset, or frontotempo-
ral dementia without ALS). This observation suggests that while the disease classi-
fication scheme has clinical significance, it may be equally helpful to view different 
MNDs as reflecting different, and perhaps more nuanced, expressions of shared, 
fundamental underlying problems. Among MNDs, this pleotropic phenomenon 

F. Lotti and S. Przedborski



329

come in different flavors: same gene, different mutations with different severity; 
same gene, different mutations with different diseases; and same gene, same muta-
tions, different manifestations.

Let us start with the case of the same mutated gene associated with distinct sever-
ity of MND, a situation well illustrated by SOD1 and SMN mutations. As already 
mentioned, some autosomal dominant gain-of-function SOD1 modulations such as 
p.A5V (also called A4V) give rise to a rapidly progressive and thus lethal form of 
ALS while others such as p.G94A (also called G93A) are associated with much 
more protracted but otherwise identical clinical phenotype (Cudkowicz et al. 1997), 
despite having comparable pathobiochemical properties (Tiwari and Hayward 
2005). In the case of SMA, the exact same autosomal recessive loss-of-function 
mutation in the SMN1 gene is associated with a clinical spectrum in terms of age of 
onset and severity (Tisdale and Pellizzoni 2015). This spectrum goes from a prena-
tal form of the disease that is uniformly fatal in utero or a few months after birth to 
an adult-onset form of the disease with mild muscle weakness and normal life 
expectancy (Tisdale and Pellizzoni 2015). While the basis of this pleiotropism in 
SOD1-related ALS remains unknown, in SMA it is attributed to the number of cop-
ies of the SMN1 hypomorphic paralogue SMN2, which correlates inversely with 
SMA severity (McAndrew et al. 1997; Wirth et al. 2006). As illustrated with muta-
tions in BSCL2, the same mutated gene can give rise to different neurological disor-
ders of the motor system, even within a common pedigree (Ito and Suzuki 2009). 
Indeed, while BSCL2 loss-of-function mutations are known to cause a form of con-
genital generalized lipodystrophy, two gain-of-toxic-function mutations, i.e. N88S 
and S90L, have been identified in autosomal dominant cases of ALS, hereditary 
spastic paraplegia as well as distal hereditary motor neuropathy (Ito and Suzuki 
2009). Another example of pleiotropism is seen in IGHMBP2 mutations (Yuan et al. 
2017). IGHMBP2 mutations are usually linked to a form of SMA with respiratory 
distress type 1 or SMARD1, where most infants die before age of one (Grohmann 
et al. 2001). However, compound heterozygous mutations in IGHMBP2 were found 
in individuals with recessive Charcot-Marie Tooth disease type 2, a slowly progres-
sive peripheral axonal neuropathy characterized by distal weakness, atrophy, sen-
sory loss and variable foot deformity, but no significant respiratory problems 
(Cottenie et  al. 2014). Likewise, patients with C9ORF72 repeat expansion also 
show marked phenotypic variability, both among and within families (Hsiung et al. 
2012; Van Mossevelde et al. 2017b). Although several different neurodegenerative 
disorders have been described in C9ORF72 repeat expansion carriers, the majority 
of these patients are diagnosed with either frontotemporal dementia, ALS, or both 
(Van Mossevelde et al. 2017a). This pleiotropism led many researchers to propose 
that the sizes of the C9ORF72 repeat expansion might predict the evolution toward 
frontotemporal dementia or ALS in C9ORF72 carriers, but, up to now, this hypoth-
esis remains to be proven (Van Mossevelde et al. 2017a). It should also be men-
tioned that pathological expansion in HTT genes known to be linked to the fatal, 
dementing, movement disorder Huntington’s disease, was reported to be associated, 
in some cases, with clinical hallmarks of ALS or frontal temporal dementia (Dewan 
et al. 2021). Lastly, mutations in OPTN and VCP genes are even more striking with 
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respect to pleiotropism in that they were found to cause broad ranges of diseases 
such as ALS and glaucoma (Toth and Atkin 2018) and inclusion body myopathy, 
Paget’s disease of the bone, frontotemporal dementia and ALS (Meyer and Weihl 
2014), respectively.

4 � The Devil Is in the Details

Despite that all MNDs have in common being paralytic neurodegenerative disor-
ders, the clinical and the neuropathological presentations vary widely among 
patients not only with different, but also with the same neurological condition. This 
striking clinical heterogeneity is well illustrated in ALS where it is attributed to 
variation in the anatomic location, extent, and proportion of lower motoneuron, 
upper motoneuron, and non-motoneuron involvement among patients (Harms and 
Baloh 2013; Swinnen and Robberecht 2014). In keeping with this view, these 
authors further propose that at one end of a MND clinical spectrum are patients with 
progressive muscular atrophy, a form of adult-onset MND with only lower moto-
neurons involvement, whereas at the other end are patients with primary lateral 
sclerosis, a form of adult-onset MND with primarily upper motoneurons involve-
ment. Of note, most cases of both progressive muscular atrophy (Kim et al. 2009) 
and primary lateral sclerosis (Gordon et al. 2006a) eventually progress to meet cri-
teria for ALS (i.e. presence of upper motor neuron and lower motor neuron signs, 
progression of disease, and the absence of an alternative explanation), suggesting 
that they likely represent phenotypic variants of ALS rather than distinct forms of 
MNDs, a view supported by the finding that mutation frequency in for example 
SOD1, FUS or TARDBP was similar in progressive muscular atrophy and ALS 
patients (van Blitterswijk et al. 2012b), that rare primary lateral sclerosis patients 
harbor mutations in ALS genes (Silani et  al. 2020), and that cases share TDP43 
aggregate pathology on neuropathological evaluation (Kosaka et  al. 2012; 
Mackenzie and Briemberg 2020; Pamphlett 2010). In addition, ALS and frontotem-
poral dementia is increasingly regarded as two ends of another MND clinical spec-
trum which, this time, revolves around the proportion of motoneuron versus 
non-motoneuron involvement based on shared neuropathological findings and 
genetic causes (Lillo and Hodges 2009).

The age at onset of clinical manifestations of ALS and its rate of progression are 
also highly variable among patients (Swinnen and Robberecht 2014), even though 
the mean survival from the time of diagnosis is about 4 years, with less than 20% 
surviving more than 5 years and only 10% surviving more than a decade (Rowland 
et al. 2010). Among key factors influencing the course of the disease is the anatomi-
cal site first affected. Indeed, patients with bulbar onset, where muscles controlling 
speech and swallowing are affected first, progress and die faster than those with 
spinal onset ALS (Rowland et  al. 2010). Moreover, in the case of gene-positive 
ALS, it can be speculated that some gene mutations are more aggressive than oth-
ers, insofar as they are associated with earlier onset and/or faster progression. 
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Consistent with this view is the observation that mutation in specific ALS genes 
such as FUS P525L is particularly malignant, striking individuals at very young age 
and progressing very rapidly whereas FUS mutations at the R521 site are associated 
with later onset and slower progression (Naumann et  al. 2019). Likewise and as 
already alluded to, patients carrying a p.A5V mutation in SOD1 typically die after 
about 1 year from diagnosis, while those carrying the p.G94A mutation in the same 
gene have a mean survival of 10.5 years (Cudkowicz et al. 1997).

Lastly, one must know that while a common first manifestation of ALS is a pain-
less weakness in a single body region (e.g. hand, foot, arm, leg, tongue or pharynx), 
over time, the motor deficit not only worsens at the site of symptoms onset, but also 
extends to contiguous regions of the body (Ravits and La Spada 2009); of note, such 
contiguous progression is observed in most but not in all patients (Ravits and La 
Spada 2009). Relevant to the observation of contiguous progression is the increased 
attention paid to the possible self-propagation and spread, in a prion-like manner 
(i.e. biochemical phenomenon by which a protein transfer folding characteristics to 
surrounding proteins with identical or similar amino acid sequences) of several 
ALS-related proteins including TDP43, SOD1, and FUS (McAlary et al. 2019). In 
keeping with this speculation, both in vitro and in vivo experiments have demon-
strated that mutations, posttranslational modifications or simply high concentration 
of TDP43, SOD1, and FUS promote the misfolding and subsequent aggregation of 
these proteins. Once misfolded, TDP43, SOD1, and FUS can transmit their mis-
folded conformation onto normal variants of the same proteins (McAlary et  al. 
2019). Of note, SOD1, TDP-43, and FUS are all supersaturated in spinal motoneu-
rons (Ciryam et al. 2017), suggesting that these neurons may provide a fertile envi-
ronment for ALS-associated prion-like seeds to form and propagate. While this 
mechanism of disease spreading could provide a conceptual framework for the pro-
gression of the neurodegenerative process in MNDs like ALS, how misfolded pro-
teins could travel from cell-to-cell and cause the demise of the recipient cells 
remains elusive. Perhaps, a hint about the latter may be found in the discovery that 
disease mutations in ALS proteins such as FUS can promote aberrant liquid-liquid 
phase transition within liquid-like compartments (Murakami et al. 2015; Patel et al. 
2015), thereby perturbing many vital functions of the cell (Alberti 2017). 
Furthermore, since not all motoneurons are equally affected in MNDs like ALS 
(Kanning et al. 2010), one may wonder whether the spatiotemporal pattern of pro-
gression in these diseases rests solely on the hypothesized spread of misfolded pro-
tein or merely reflects the interaction between this ubiquitous pathological stressor 
and the known differential susceptibility of motoneurons (Kanning et  al. 2010). 
Accordingly, different subpopulations of motoneurons would succumb within dif-
ferent areas of the nervous system and at different times according to their differen-
tial vulnerability in an ordered spatiotemporal pattern. For instance, it is well 
documented in transgenic mice expressing mutant SOD1 that spinal motoneuron 
innervating larger, pale muscle fibers that generate more force (called fast fatigable 
motor units) degenerate consistently sooner than their contiguous counterparts 
innervating small muscle fibers rich in myoglobin content, mitochondria, and blood 
capillaries that contract slowly and generate relatively small forces (called slow 

Motoneuron Diseases



332

motor units) (Frey et al. 2000; Pun et al. 2006). In addition, other motoneuron sub-
types, such as those that innervate the extraocular muscles of the eyes or the striated 
muscles of the rectum and urethral sphincter are spared until the end stage of dis-
ease (Kanning et al. 2010; Nijssen et al. 2017). The same pattern of motoneuron 
vulnerability is observed in a transgenic mouse model of TDP43 proteinopathy 
(Spiller et  al. 2016). In this other model of MNDs, despite widespread neuronal 
expression of cytoplasmic TDP43, only motoneurons in the spinal cord and in the 
hypoglossal nucleus are lost, whereas those in the oculomotor, trigeminal, and facial 
nuclei are less affected (Spiller et al. 2016). As discussed in Ragagnin et al. (2019) 
distinct intrinsic properties of motoneurons, ranging from metabolic to transcrip-
tomic, are likely underpinning their differential propensity to degenerate in MNDs. 
For instance, our group used a computational model in which detailed morphology 
and ion conductance were paired with intracellular ATP production and consump-
tion (Le Masson et al. 2014). This work showed that the occurrence of an irrevers-
ible, dramatic ionic instability could be initiated in our model of fast fatigable motor 
unit-innervating motoneurons for much smaller bioenergetic defects than in our 
model of slow motor unit-innervating motoneurons (Le Masson et  al. 2014). 
Moreover, several transcriptomic analyses revealed a number of interesting genes 
that were differentially expressed between vulnerable and susceptible motoneurons 
(Brockington et  al. 2013; Kaplan et  al. 2014; Kline et  al. 2017). Among these, 
matrix metalloproteinase 9 (MMP9) has been identified as highly expressed in vul-
nerable and much less or not expressed at all in resistant motoneurons (Kaplan et al. 
2014), and to correlate with the expression of death receptor 6 in these cells (Mishra 
et al. 2020). Interestingly, Mentis et al. (2011) have shown in a severe mouse model 
of SMA that motoneurons innervating proximal muscles are more affected than 
those innervating distal muscles, which is in keeping with the clinical picture of 
greater proximal than distal weakness in SMA patients (Kaufmann and De Vivo 
2010). Given this very different profile of motoneuron susceptibility compared to 
the one observed in ALS, it would be valuable to determine whether some of the 
identified makers of motoneuron vulnerability in ALS are conserved in SMA.

5 � Onset and Neuromuscular Junction Remodeling in MNDs

As mentioned above, most MNDs are sporadic and with the absence of pre-
symptomatic markers for virtually all of them, patients are seeking medical atten-
tion only when the first signs of the disease emerge. Because of the compensatory 
mechanisms discussed below, the onset of manifestations (e.g. loss of finger dexter-
ity) does not equate with the onset of the disease. Instead, the beginning of clinical 
signs merely corresponds to a neurodegenerative stage at which the extent of muscle 
innervation is no longer sufficient to maintain a normal motor activity. It is thus 
clear that the onset of the disease occurs at some unknown preceding time, which, 
depending on how fast the neurodegenerative process evolves, it can range from a 
few months to several years. This interpretation is well illustrated by transgenic 
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mutant SOD1 mice, which express copious amount of the pathogenic protein and 
show several motoneuronal abnormalities prenatally (Branchereau et  al. 2019; 
Martin et al. 2020) and yet, they develop the first signs of motor deficit only several 
months later (Nagai et al. 2006). Our ability to determine the actual onset of the 
disease is at this point undermined by the lack of biomarkers and the little knowl-
edge about the true kinetics of motoneuron loss, even if levels of neurofilaments in 
both blood and CSF of patients with MNDs show some promise (Poesen and Van 
Damme 2018).

Although MNDs are identified as diseases of motoneurons, there have been 
attempts to redefine them as a distal axonopathy since overt neuropathological 
changes occur at the neuromuscular junction in both patients with ALS and in ani-
mals models at early stages of the diseases and even before any significant motoneu-
ron cell body loss (Fischer et al. 2004; Vinsant et al. 2013) and prior to the onset of 
motor deficit (Clark et al. 2016; Fischer et al. 2004; Martineau et al. 2018, 2020; 
Pun et al. 2006; Tallon et al. 2016; Vinsant et al. 2013). As discussed below, changes 
at the level of the neuromuscular junctions are key determinants in the onset and 
progression of the paralytic phenotype in MNDs. For instance, using transgenic 
mutant SOD1G93A mice, it has been reported (Fischer et al. 2004; Fischer and Glass 
2007) that neuromuscular junction denervation and muscle wasting are already 
detected in pre-symptomatic animals at postnatal day P47 whereas overt spinal 
motoneuron cell body loss is observed only after P80. The early occurrence of neu-
romuscular junction denervation in transgenic mutant SOD1 mice was corroborated 
by other teams (Clark et al. 2016; Frey et al. 2000; Killian et al. 1994; Martineau 
et al. 2018, 2020; Pun et al. 2006; Schaefer et al. 2005; Tallon et al. 2016; Tremblay 
et al. 2017; Vinsant et al. 2013). This pre-symptomatic phase is attributed to the 
formation of new collateral axonal branches, reinnervating other nearby denervated 
neuromuscular junctions (Martineau et  al. 2018). As shown by Martineau et  al. 
(2018), this period of neuromuscular junction plasticity involved a constant axonal 
terminal retraction and growth, a synaptic plasticity that was reported to be more 
frequent in female than male mice (Martineau et al. 2020) and particularly intense 
in slow-type, disease-resistant synapses compared to fast fatigable-type synapses 
with the highest vulnerability (Frey et al. 2000). Thus, it can be inferred that early 
muscle denervation is a consequence of nerve terminal degeneration where disease-
resistant motoneurons that have a high sprouting capacity compensate for the loss 
of nerve terminals by disease-susceptible motoneurons that have a low sprouting 
capacity. However, as the disease progresses, even the disease-resistant motoneu-
rons become affected and the sprouting compensatory mechanisms eventually fail, 
hence leading to clinical onset. This striking early distal axonopathy is not restricted 
to the transgenic mutant SOD1 mice, as other models of MNDs show similar early 
neuromuscular junction pathology as reviewed in (Fischer and Glass 2007), includ-
ing in mouse models of SMA (Kariya et al. 2008; Kong et al. 2009). For instance, 
transgenic mice expressing the P525L mutant of FUS exhibit an age-dependent 
muscle denervation phenotype that begins prior to spinal motoneuron loss (Sharma 
et al. 2016). Likewise, in those C9orf72 BAC transgenic mice that develop an ALS-
like phenotype, prominent neuromuscular junction denervation is observed in both 
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tibialis anterior and diaphragm muscles (Liu et al. 2016). Collectively, these find-
ings, in both human and mouse models, also provide solid ground for the notion that 
nerve terminal degeneration and the consequent neuromuscular junction denerva-
tion precede spinal motoneuron death. They also raise the significant prospect that 
therapeutic strategies, aimed at blocking/slowing nerve terminal degeneration, may 
extend muscle function and thus greatly improve the quality of life for patients with 
MNDs. Yet, a structurally intact neuromuscular junction does not necessary imply 
normal function. To this end, it has been shown that anatomically intact neuromus-
cular junctions in a severe model of SMA may indeed be dysfunctional (Fletcher 
et al. 2017). However, as long as the nerve terminal is preserved and connected to 
muscle fibers, strategies aimed at boosting/recovering synaptic function can be 
envisioned.

Remarkably, while the temporal dissociation between neuromuscular junction 
denervation and motoneuron death in MND is well recognized, it remains unclear 
whether this is due to: (i) a unique process that affects the whole motoneuron at 
once, but with greater impact on nerve terminals than on motoneuron soma; (ii) a 
process that specifically damages the nerve terminals, which, in turn, triggers a 
secondary dying-back process that kills the motoneurons; or (iii) a situation in 
which nerve terminals and soma destruction are governed by simultaneous but dis-
tinct molecular pathways with a faster time-course of the former. Irrespective of 
these three pathogenic scenarios, preventing motoneuron death may be necessary 
but not sufficient to improve the quality of life and likely survival of patients with 
MNDs. Indeed, deletion of the pro-death gene Bax nullified motoneuron loss with 
limited effect on neuromuscular junction denervation in end-stage transgenic mutant 
SOD1 mice (Gould et al. 2006). A similar situation is also true for SMA where the 
activation of the tumor suppressor p53 drives motoneuron death in the SMNΔ7 
mouse model of the disease (Simon et al. 2017). Genetic or pharmacological inhibi-
tion of p53 prevents motoneuron loss without any effect on neuromuscular junction 
denervation, consistent with synaptic dysfunction and motoneuron survival being 
two independent events in SMA (Simon et al. 2017).

�Mechanisms of Axon Pathology in MNDs

Given the increase attention paid to neuromuscular junction and axon degeneration 
in MNDs, it is worth mentioning that over the past decade, significant strides have 
been made toward unraveling mechanisms of axon degeneration, especially after 
mechanical lesion (Conforti et  al. 2014). One of the most striking discoveries 
regarding axon biology pertains to the demonstration that the gain-of-function 
mutation, slow Wallerian degeneration (WldS), delays axon degeneration after nerve 
injury (Neukomm and Freeman 2014). This Wallerian degeneration, which refers to 
degenerative changes in the distal segment of an axon when its continuity with its 
cell body is interrupted by a focal lesion, requires the pro-degenerative molecules 
sterile alpha and TIR motif-containing protein-1 (SARM1) and PHR1 
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(PAM-Highwire-Rpm-1) E3 ubiquitin ligase. Conversely, the nicotinamide mono-
nucleotide adenylyltransferase-2 (NMNAT2) is essential for axon growth and sur-
vival (Conforti et al. 2014). While studies in lower organisms suggest a role for at 
least SARM1 in ALS axonopathy (Veriepe et al. 2015), a significant involvement of 
the Wallerian machinery in axon pathobiology in MNDs has not been convincingly 
demonstrated in vertebrate models of the diseases (Fischer et al. 2005; Vande Velde 
et al. 2004). For instance, genetic experiments in which WldS mice were crossed to 
SMA mice have ruled out a contribution of Wallerian degeneration to the motor 
axon loss observed in SMA (Kariya et al. 2009).

The lack of molecular insights into the intrinsic mechanisms underlying axon 
degeneration in MNDs led the performance of a cell-based high-throughput screen 
for small molecules that could protect against axon pathology in MNDs and shed 
light into its molecular basis. Of the >50,000 small molecules tested for their ability 
to promote axon outgrowth on inhibitory substrata, the most potent hits were the 
antagonists of the HMG-CoA reductase, statins (Bahia El Idrissi et al. 2016). In 
studying the metabolic pathway downstream to the HMG-CoA reductase pathway, 
these investigators found that the observed stimulatory effects on axon growth, in 
both mouse- and human-derived neurons, were mediated not by inhibiting coen-
zyme Q or cholesterol synthesis but protein prenylation – the covalent attachment of 
a lipid moiety to a cysteine residue at or near the C-terminus of a protein (Wang and 
Casey 2016). At this time, the type of prenylation and the targets of prenylation 
implicated in MND axonopathy remains to be elucidated.

6 � Non-cell Autonomous Drivers 
of Neurodegeneration in MNDs

Traditionally, MNDs, like other common neurodegenerative disorders, have been 
approached in a neurocentric fashion, leading to the emergence of a host of cell 
autonomous pathogenic hypotheses including defects in RNA metabolism, protein 
quality control mechanisms, mitochondrial functions, axonal transport and aberrant 
liquid-liquid phase transition to cite only a few. Many of these proposed mecha-
nisms of neurodegeneration derive from studies of MND-associated genes and the 
reader is referred to reviews on these topics for detail (Cook and Petrucelli 2019; 
Kim et  al. 2020a; Schon and Przedborski 2011; Taylor et  al. 2016; Tisdale and 
Pellizzoni 2015).

Aside from these cell autonomous processes, growing attention has been paid 
over the past recent years to the potential role of non-neuronal cells to the dysfunc-
tion and/or death of motoneurons in MNDs. Support to a non-cell autonomous con-
tribution to MNDs goes back to the seminal work of Hamburger, Levi-Montalcini 
and Cohen (Levi-Montalcini 1987) demonstrating that the motoneuron develop-
mental death was regulated by peripheral tissues in the chick embryo. It should thus 
not come as a surprise that in MNDs, a great deal of attention has been given to the 
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question of the role of skeletal muscles in the demise of their innervating motoneu-
rons. In SMA, while there is disagreement about whether low levels of wild-type 
SMN protein (i.e. mimicking the situation seen in SMA) cause muscle pathology 
and contribute the SMA phenotype (Gavrilina et  al. 2008; Iyer et  al. 2015; Kim 
et al. 2020b), there seems to be a consensus around the following two conclusions: 
(i) low level of Smn in muscles does not cause spinal motoneuron loss in mice with 
normal level of Smn everywhere else; and, (ii) overexpression of Smn in muscles 
does not mitigate spinal motoneuron loss in SMA mouse models. A similar picture 
appear to exist for ALS where it was found that a partial reduction of the toxic 
mutant SOD1 in muscle failed to modify the paralytic phenotype seen in these 
transgenic mice (Towne et al. 2008) and overexpression of mutant SOD1 in skeletal 
muscles, while associated with a host of local alterations including metabolic and 
morphological changes (Loeffler et al. 2016), did not cause consistent motoneuron 
degeneration (Dobrowolny et al. 2008; Martin and Wong 2020; Towne et al. 2008). 
Based on these studies it appears that a role of skeletal muscles in motoneuron 
degeneration remains unconvincing. In contrast, more compelling in vivo and in 
vitro studies support the contribution of a variety of other non-motoneuron cells in 
the expression of the disease phenotypes in models of MNDs, ranging from sensory 
proprioceptors (Fletcher et  al. 2017; Mentis et  al. 2011), Renshaw cells (Wootz 
et al. 2013) and other inhibitory interneurons (Schutz 2005) as well as a range of 
glial and immune cells such as microglia (Beers et al. 2006; Boillee et al. 2006), 
astrocytes (Barbeito et al. 2004; Cassina et al. 2008; Di Giorgio et al. 2007, 2008; 
Fritz et al. 2013; Haidet-Phillips et al. 2011; Ikiz et al. 2015; Marchetto et al. 2008; 
Meyer et  al. 2014; Nagai et  al. 2007; Pehar et  al. 2004, 2005; Re et  al. 2014; 
Yamanaka et  al. 2008b), oligodendroglia (Kang et  al. 2013), Schwann cells 
(Lobsiger et al. 2009) and T cells (Banerjee et al. 2008; Beers et al. 2008). To date, 
however, despite the growing number of non-cell autonomous hypotheses centered 
on different glial and immune cells, the lion’s share of attention has been paid to 
microglia and astrocytes and to a lesser extent to T cells, which is illustrated in the 
next two subsections. However, the focus of this chapter on these specific non-
neuronal cell types should not be misconstrued as suggesting that other glial cells 
such oligodendrocytes (Kang et al. 2013; Saez-Atienzar et al. 2021; Yamanaka et al. 
2008a) or blood-borne cells including macrophages (Beers and Appel 2019; Chiot 
et al. 2020) are not contributing to the non-cell autonomous pathogenic hypothesis 
of MNDs. For instance, TDP43 inclusions were detected in both neurons and oligo-
dendrocytes in spinal cord samples from patients with ALS and, many oligodendro-
cytes in spinal cords of transgenic mutant SOD1 mice had a reduced expression of 
myelin basic protein and monocarboxylate transporter-1 suggesting that these cells 
may have myelination and metabolic alterations (Philips et al. 2013), which could 
affect the function and survival of motoneurons.
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�Glial Cells as Motoneuron Death Drivers in MNDs

Over the past two decades, the potential contribution of glial cells to the degenera-
tion of motoneurons has been increasingly recognized (Van Harten et  al. 2021). 
Thus far, two broad hypotheses, which are not mutually exclusive, are proposed for 
the mechanisms by which glial cells, and  in particular microglia and astrocytes 
might play a pathogenic role in MNDs. The first hypothesis, rests on the idea that 
the disease process, while not necessarily killing glial cells, corrupt their normal 
homeostatic functions (e.g. supplying nutrients and neurotrophic factors, buffering 
ions), thus impairing their supportive/protective effects on neighboring cells includ-
ing motoneurons. Relevant to this first hypothesis are the investigations in neuron-
astrocyte co-culture systems (Phatnani et al. 2013) that revealed downregulations in 
mutant SOD1-expressing astrocytes of about 34 genes including Osteopontin, 
Sparcl1, Sepp1, Apolipoprotein D and Pleiotrophin consistent with the idea that 
ALS glia have a compromised molecular response to injury. Likewise, Tyzack et al. 
(2017) showed that the neuroprotective EphB1-ephrin-B1 cross-talk between moto-
neurons and astrocytes is disrupted in human stem cell-derived ALS astrocytes and 
transgenic mutant SOD1 mice. Disruption of glial cell supportive/protective func-
tions in MNDs can also be indirect as proposed by Gerbino et al. (2020) in light of 
their observation that the conditional deletion of in TANK-binding kinase 1 (TBK1) 
in motoneurons reduces the responsiveness of glial cells to pathological stimuli.

Although these studies, as discussed by Van Harten et al. (2021), suggest that 
part of the non-cell autonomous arm of ALS pathogenesis is related to a loss of 
beneficial properties, data from other studies argue that ALS astrocytes kill moto-
neurons by a gain of toxic function. Thus, the second hypothesis posits that many, if 
not all the of the glial cells studied so far have the capacity to mount a neuroinflam-
matory response, which, for example, via the production and release of cytokines 
and chemokines as well as other cytotoxic molecules may exert deleterious effects 
on neighboring cells such as motoneurons. We review below, the available data 
often cited in support of a toxic role of specifically microglia and astrocytes in 
MND pathogenesis.

Microglia are the resident immune cells of the CNS and there is morphological 
and molecular evidence of microglial activation in areas of motoneuron degenera-
tion in post-mortem samples (Henkel et al. 2009; Moisse and Strong 2006). Similar 
neuroinflammatory changes that are seen in patients with MNDs are also seen in 
mouse models of these diseases (Alexianu et al. 2001; Almer et al. 2002; Butovsky 
et al. 2012; Chiu et al. 2009, 2013; Elliott 2001; Hall et al. 1998). It is also important 
to note that haploinsufficiency of C9orf72 in mice alters systemic immune response 
and induces a mild age-related neuroinflammation, but without evidence of neuro-
degeneration (Lall and Baloh 2017). In addition, the discovery that loss-of-function 
mutations in TBK1 -a key regulator of innate immunity- can cause ALS further sup-
ports the idea that immune dysregulation might be a common feature of the disease 
(Cirulli et al. 2015; Freischmidt et al. 2015; Gerbino et al. 2020). These findings 
raised the idea that microglia, once activated, initiate an inflammatory process 
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which contributes to the degeneration of neighboring motoneurons. Although the 
mechanisms by which microglia might kill motoneurons remain to be established, 
evidence from cultured microglia supports the idea that overexpression of mutant 
SOD1 or deletion of TDP43 suffices to trigger molecular alterations in microglia 
promoting their neurotoxic properties (Weydt et al. 2004; Xiao et al. 2007). One key 
change observed in microglia is the selective activation of nuclear factor κB (NF-
κB) that can induce gliosis and motoneuron death. Inhibition of NF-κB signaling 
suppresses microglia-mediated neuroinflammatory toxicity when mutant SOD1 
microglia are cocultured with motoneurons, suggesting that microglia-induced 
motoneuron death in ALS is executed via the classical NF-κB pathway (Frakes et al. 
2014; Zhao et al. 2015).

As discussed above electrophysiological and neuropathological changes occur 
in, respectively, skeletal muscle and neuromuscular junction at early stages of 
MNDs (Fischer and Glass 2007) and here again non-cell autonomous mechanisms 
revolving around other types of microglial, namely monocytes/macrophages which, 
unlike microglia reside outside the brain, have been found to progressively infiltrate 
peripheral nerves in a mouse model of ALS (Chiu et al. 2009; Graber et al. 2010; 
Kano et al. 2012). Although these findings raise the possibility that the infiltrating 
immune cells in peripheral nerves contribute to the early denervation of the neuro-
muscular junctions, the available data fail to inform about the phenotypes of these 
cells, which is necessary to address properly this important question. Nonetheless, 
some clues about the possible underpinning mechanism by which microglia and 
related cell types may contribute to degeneration of nerve terminals in MNDs start 
to emerge. Indeed, the work of Vukojicic et al. (2019) shows that microglial-specific 
ablation or pharmacological inhibition of the complement component 1q (C1q) 
restored vulnerable synapses in a mouse model of SMA, consistent with the classic 
complement activation being a main pathway involved in the synaptic elimination 
in this MND. Furthermore, using flow cytometry and a bone marrow chimera, it was 
found that activated macrophages in sciatic nerves differ from activated microglia in 
spinal cords (Chiu et al. 2009); hence, suggesting that distinct non-cell autonomous 
molecular mechanisms may contribute to the destruction of components of the 
motor pathway localized in the central versus the peripheral nervous systems in 
MNDs. Also worth mentioning is the demonstration that replacing peripheral 
mutant SOD1 macrophages with wild-type macrophages had marginal effects in 
transgenic mutant SOD1 mice, unless wild-type macrophages were also engineered 
to produce less reactive oxygen species and were grafted not at pre-symptomatic but 
at early symptomatic stages (Chiot et al. 2020).

However, despite the large amount of data supporting a pathogenic role of 
microglia in MNDs, immunosuppressive and anti-inflammatory drugs including 
celecoxib (Cudkowicz et al. 2006), glatiramer acetate (Gordon et al. 2006b), mino-
cycline (Gordon et al. 2004), NP001 (Miller et al. 2014), pioglitazone (Dupuis et al. 
2012), cyclosporine (Appel et al. 1988) and the combination of basiliximab, myco-
phenolate, tacrolimus with steroids (Fournier et al. 2018) produced either no or only 
marginal clinical improvement. Immune cells such as microglia are highly plastic in 
that they adapt their phenotype and function based on the signals that are received 
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constantly from their environment (Gordon 2003). Until now, studies on microglia 
as those cited above have relied on general surface markers that ignore microglial 
heterogeneity, thereby underestimating the complexity of the microglial response in 
neurodegenerative disorders like MNDs. To circumvent this shortcoming, strategies 
aimed at capturing microglial multidimensional signature rather than assessing the 
state of selected inflammatory factors are emerging. Studies using whole spinal cord 
samples and, more recently, acutely purified microglia, have consistently found evi-
dence of neuroinflammatory genes and/or gene product changes in ALS (Butovsky 
et al. 2012; Chiu et al. 2013; D’Erchia et al. 2017; Jiang et al. 2005; Lerman et al. 
2012; Nardo et al. 2013; Nikodemova et al. 2014; Noristani et al. 2015). However, 
all of these studies, even those using acutely purified microglia, utilized a bulk RNA 
sequencing approach. A major caveat of such an approach is that changes in bulk-
sequencing data, especially in pathological tissues, may primarily reflect changes in 
the abundance of cell types rather than in gene transcription per cell (Srinivasan 
et al. 2016). Thus, meaningful signatures may be masked by mere differences in the 
type and number of cells present in the studied tissue. Consistent with this view, 
studies of neuroinflammation in models of Alzheimer’s disease at single-cell resolu-
tion have revealed previously unobserved heterogeneity in microglial populations, 
identified disease stage-specific microglial states, and determined the trajectory of 
the cellular reprogramming of microglia in response to neurodegeneration (Keren-
Shaul et al. 2017; Mathys et al. 2017). Microglial heterogeneity was also shown to 
be a relevant component of the progression of the paralytic phenotype in mouse 
models of ALS (Haukedal and Freude 2019; Keren-Shaul et al. 2017). Another criti-
cal question about microglial heterogeneity that begins to be testable is the anatomi-
cal distribution of different phenotypically-defined clusters of microglia within 
diseased tissues. For instance, while resolution of the technique may have to 
improve, spatial transcriptomics (Maniatis et  al. 2019) offers an unprecedented 
opportunity to shed light into this question.

Aside from microglia, mounting evidence indicates that astrocytes can also con-
tribute to neuroinflammation in MNDs. For example, in ALS patients, reactive 
astrocytes have been found throughout the cerebral gray matter and the spinal cord 
(Nagy et al. 1994; Schiffer et al. 1996). In transgenic mutant SOD1 animals, signs 
of astrogliosis are detected in the spinal cord with the increase in the number of 
astrocytes occurring concomitantly to the loss of motoneurons (Almer et al. 2002; 
Hall et al. 1998; Levine et al. 1999). Astrocytes may shift from a quiescent to reac-
tive state in response to a variety of pathological stimuli and it has been proposed 
that there might be two major subtypes of reactive astrocytes: LPS-induced neuro-
toxic A1 astrocytes and ischemic penumbra-associated neuroprotective A2 astro-
cytes (Liddelow et al. 2017). In this in vitro model, microglia induce the astrocyte 
A1 phenotype through the release of IL-1α/TNF-α/C1q, resulting in the death of 
neurons and oligodendrocytes. From a pathogenic point of view, while this A1/A2 
model is quite appealing, whether astrocytes contribute to motoneuron death in 
MNDs via an A1 mechanism (Liddelow et al. 2017) remains to be demonstrated 
albeit knocking out IL-1α/TNF-α/C1q was reported to markedly extend survival of 
transgenic mutant SOD1 mice (Guttenplan et al. 2020). Yet, we believe that there 
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may be more nuances to astrocyte phenotypes than this strict dichotomy (Liddelow 
et al. 2017) given the transcriptomic and proteomic heterogeneity of these cells that 
are starting to be reported in different human diseases of the nervous system. 
Nonetheless, once astrocytes become reactive, they contribute to neuroinflamma-
tion not only directly, but also indirectly, by facilitating the entry of blood-borne 
immune components into the brain parenchyma through the blood-brain barrier 
(Farina et al. 2007; Johann et al. 2015; Philips and Robberecht 2011).

In addition to possibly contributing to motoneuron degeneration via neuroin-
flammation, astrocytes, as mentioned above, can also directly mediate motoneuron 
death via the release of neurotoxic factors. In particular, astrocytes expressing 
mutant SOD1 trigger the selective loss of spinal motoneurons, by releasing soluble 
toxic factors, while leaving undamaged spinal GABAergic or dorsal root ganglion 
neurons or embryonic stem cell-derived interneurons (Nagai et al. 2007). Although 
the precise nature of the factors released by ALS astrocytes that are toxic to moto-
neurons is still under investigation, our group has reported that ALS astrocytes gen-
erate an aberrant fragment of amyloid precursor protein (and perhaps of amyloid-like 
protein 1), which by activating the death receptor 6 expressed by motoneurons trig-
ger neurodegeneration (Mishra et  al. 2020). Nonetheless, since deletion of death 
receptor 6 only provided partial protection against neurodegeneration in transgenic 
mutant SOD1 mice (Mishra et al. 2020), it is likely that additional non-cell autono-
mous mechanisms are at play. A similar role for astrocytes in the pathology of SMA 
has been proposed, although a clear link with toxicity has not been established 
(Abati et al. 2020).

�Other Immune Cells as Modulators 
of Neurodegeneration in MNDs

More recently, major interest in exploring whether immune cells such as T cells also 
contribute to the non-cell autonomous pathogenesis of MNDs has developed 
(Henkel et al. 2009; Moisse and Strong 2006). In ALS, emerging evidence supports 
the involvement of the peripheral immune system in balancing glial neurotrophic 
and neurotoxic functions. For instance, lack of CD4+ T cells in mutant SOD1 mice 
skews the glia phenotype towards toxicity due to reduced expression of neuro-
trophic factors such as IGF-1, GDNF, BDNF and anti-inflammatory cytokines such 
as IL-4, TGF-β and to a concomitant increase in the expression of proinflammatory 
molecules such as TNF-α and NOX2 (Beers et al. 2008). In addition, passive trans-
fer of ex vivo activated CD4+ T lymphocytes into transgenic mutant SOD1 mice 
delayed onset of the paralytic phenotype and extended their survival (Banerjee et al. 
2008). The protective effects of CD4+ T cells were attributed to the presence of 
regulatory T lymphocytes (Tregs), a subgroup of CD4+ cells that modulates the 
immune system by maintaining self-tolerance (Rajabinejad et al. 2020). Suggestive 
of their protective effect, passive transfer of endogenous Tregs from ALS mice in 
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the early stage of disease into ALS mice lacking functional T lymphocytes pro-
longed disease duration and survival of recipient mice (Beers et  al. 2011). The 
authors attributed the Tregs-mediated neuroprotection to the increased release of 
IL-4, which can directly promote an anti-inflammatory microglial phenotype that 
includes the production of neurotrophic factors (Beers et  al. 2011). However, as 
neurodegeneration progresses, it seems that there is a shift from a supportive to a 
toxic Tregs response (Beers and Appel 2019). Extending these observations to ALS 
patients, Beers et al. (2011) also reported that the number of Tregs in blood corre-
lates with the rate of progression of the motor deficit, and a clinical trial is ongoing 
to determine whether the enhancement of Treg numbers and function can slow dis-
ease progression (https://clinicaltrials.gov/ct2/show/NCT04055623).

While CD4+ T cells are observed in the spinal cord during all stages of the dis-
ease, CD8+ T cells are present only at the end stage and made up only a small frac-
tion of the total T-cell population (Beers et al. 2008; Chiu et al. 2008). Because of 
their small numbers, the role of CD8+ T cells has been largely ignored, until recently. 
Infiltrating CD8+ T cells have been historically considered as being detrimental to 
motoneurons. In keeping with this view, the microglial-specific depletion of MHC-I 
and concomitant lack of CD8+ T cell infiltration in the spinal cord were associated 
with delayed paralysis as well as prolonged survival in mutant SOD1 mice (Nardo 
et al. 2018). Likewise, Coque et al. (2019) reported an increased number of surviv-
ing motoneurons in CD8+ T cells-depleted transgenic mutant SOD1 mice. 
Interestingly, in this study, the authors also showed that purified mutant SOD1-
expressing CD8+ T cells supposedly trigger the death of primary motoneurons in a 
MHC-I-dependent manner through Fas and granzyme death pathways (Coque 
et al. 2019).

Also interesting is the developing story about the potential role of the natural 
killer (NK) cells in MNDs. NK cells are a type of cytotoxic lymphocyte critical to 
the innate immune system, which provide rapid responses to virus-infected cells. It 
has been proposed that during ALS progression, NK cells play a major role in the 
death of motoneurons by invading the central nervous system. It started, in part, 
from a longitudinal cohort study reporting an increased number of NK cells in 
peripheral blood from ALS patients (Murdock et al. 2017) and the claim that a high 
NK cell frequency is observed in the spinal cord of end-stage mutant SOD1 mice 
(Finkelstein et al. 2011). Building on these published findings, Garofalo et al. (2020) 
reported that NK cells infiltrate the CNS affected areas of transgenic mutant SOD1 
mice and sporadic ALS patients. In addition, these authors reported that neuronal 
cells from the spinal cord of transgenic SOD1G93A mice express increased levels of 
the chemokine CCL2, and that CCL2 neutralization reduced NK cells infiltration. 
Moreover, NK cell depletion increased survival in transgenic SOD1G93A and 
TDP43A315T mice and modulated the activation of microglia and the infiltration of 
Treg cells in transgenic SOD1G93A mice (Garofalo et al. 2020). Finally, they found 
that motoneurons of both ALS patients and transgenic mutant SOD1 mice express 
high levels of NK2GD ligands, important for NK cell cytotoxic activity (Garofalo 
et al. 2020).
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Electrical and Morphological Properties 
of Developing Motoneurons in Postnatal 
Mice and Early Abnormalities in SOD1 
Transgenic Mice

Jacques Durand and Anton Filipchuk

Abstract  In this chapter, we review electrical and morphological properties of 
lumbar motoneurons during postnatal development in wild-type (WT) and trans-
genic superoxide dismutase 1 (SOD1) mice, models of amyotrophic lateral sclero-
sis. First we showed that sensorimotor reflexes do not develop normally in transgenic 
SOD1G85R pups. Fictive locomotor activity recorded in in vitro whole brainstem/
spinal cord preparations was not induced in these transgenic SOD1G85R mice using 
NMDA and 5HT in contrast to WT mice. Further, abnormal electrical properties 
were detected as early as the second postnatal week in lumbar motoneurons of 
SOD1 mice while they develop clinical symptoms several months after birth. We 
compared two different strains of mice (G85R and G93A) at the same postnatal 
period using intracellular recordings and patch clamp recordings of WT and SOD1 
motoneurons. We defined three types of motoneurons according to their discharge 
firing pattern (transient, sustained and delayed onset firing) when motor units are 
not yet mature. The delayed-onset firing motoneurons had the higher rheobase com-
pared to the transient and sustained firing groups in the WT mice. We demonstrated 
hypoexcitability in the delayed onset-firing motoneurons of SOD1 mice. Intracellular 
staining of motoneurons revealed dendritic overbranching in SOD1 lumbar moto-
neurons that was more pronounced in the sustained firing motoneurons. We sug-
gested that motoneuronal hypoexcitability is an early pathological sign affecting a 
subset of lumbar motoneurons in the spinal cord of SOD1 mice.
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1 � Introduction

Motoneurons of different classes and subtypes (fast/slow, alpha/gamma) are grouped 
together into motor pools each of which innervates a single muscle in vertebrates 
(Kanning et al. 2010). An adult motoneuron innervates a group of muscular fibers, 
both forming a motor unit. Most muscles are composed of different motor units with 
different ratios between slow, fast-resistant and fast fatigable depending on the mus-
cle (Burke et al. 1971; Burke 1981). In neonatal animals, a single muscle fiber is 
innervated by several motoneurons (polyinnervation) up to the third postnatal week 
and motor units achieve a complete maturation depending on the muscle a month 
after birth in rodents (Navarrete and Vrbova 1983, 1993; Balice-Gordon and 
Thompson 1988). Gap junctions are present during the two first postnatal weeks in 
rodents facilitating synchronization of motor discharge firing between motoneu-
rons. At adulthood, an orderly recruitment from slow to fast motor units is a general 
rule for most movements (Henneman 1957; Henneman et al. 1965). Motoneuron 
discharge firing is modulated and permanently adjusted during the muscle contrac-
tion by proprioceptive afferents from muscle spindles (Matthews 1982; Rossi-
Durand 2006, for review).

During the neonatal period, the motoneuron is the main target for numerous 
abnormalities caused by neurological diseases. Early abnormalities have been 
described in motoneurons from animal models of neurodegenerative diseases dur-
ing embryonic and postnatal periods in disorders such as spinal muscular atrophy 
(Mentis et  al. 2011; Vrbova 2007), Charcot–Marie–Tooth diseases (Irobi et  al. 
2010) and amyotrophic lateral sclerosis (Amendola and Durand 2008; Amendola 
et al. 2004; Bories et al. 2007; Durand et al. 2006; Raoul et al. 2002; Van Zundert 
et al. 2012; Vinsant et al. 2013). Amyotrophic lateral sclerosis (ALS) is a fatal neu-
rodegenerative disease mainly affecting motor neurons and is one of the most com-
plex and dramatic diseases with no available curative therapy (Leigh and Swash 
1996; Kanning et al. 2010). It is known that large motoneurons are affected first in 
humans. In transgenic mouse model of ALS, the motoneuron subtypes are not 
equally vulnerable (Pun et al. 2006; Hadzipasic et al. 2014). A number of sporadic 
and familial ALS patients have mutations in the gene coding the superoxide dis-
mutase 1 (SOD1) (Rosen et al. 1993; Boillee et al. 2006; Robberecht and Philips 
2013). Most mechanisms leading to the disease have been described in the SOD1 
mice, (Gurney et al. 1994; Dal Canto and Gurney 1997; Bruijn et al. 1997, 1998, 
2004). Early changes in excitability were described in the motoneurons of SOD1 
mice including both increased and decreased excitability (Pieri et  al. 2003; Kuo 
et al. 2004, 2005; Bories et al. 2007; Van Zundert et al. 2008; Pambo-Pambo et al. 
2009; Martin et al. 2013; Elbasiouny et al. 2010). Perturbed intracellular trafficking 
in SOD1 mice was indicated by the reduced transport of selective cargoes described 
months before disease onset (Williamson and Cleveland 1999), the alterations in 
fast axonal transport (Kieran et al. 2005) and neurofilament accumulation (Bruijn 
et al. 2004). A direct link between retrograde axonal transport and mutant SOD1 
was made with dynein interaction (Zhang et al. 2007).
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We described morphological and electrical pathological signs in motoneurons 
during the postnatal period of SOD1 mice (Amendola et al. 2004, 2007; Durand 
et al. 2006; Bories et al. 2007; Amendola and Durand 2008; Filipchuk and Durand 
2012; Filipchuk et  al. 2008, 2021). The time course of the disease may differ 
depending on the mutations and the number of copies of mutated proteins expressed 
in the mutant animals. In our experiments, we have used low expressor lines of 
SOD1 mice (G85R and G93A-low) that become paralyzed several months after 
birth (6 to 8 months) (Dal Canto and Gurney 1997; Bruijn et  al. 1997, 1998; 
Amendola et  al. 2004; Pambo-Pambo et  al. 2009) in contrast to high expressor 
strains (SOD1 G93A-high) that are paralyzed at 4 months (Gurney et  al. 1994; 
Vinsant et al. 2013). In the high expressor SOD1-G93A strain, neuromuscular junc-
tions start to disconnect between 14 and 30 days after birth depending on the mus-
cles (Vinsant et al. 2013). The advantage of the former models (low expressor lines) 
is the longer presymptomatic time allowing us to decorticate the earlier pathological 
mechanisms (Amendola et al. 2004; Bories et al. 2007; Pambo-Pambo et al. 2009). 
The homozygous SOD1G85R strain of mice was first chosen for several reasons. 
First, all the SOD1G85R homozygous pups are viable and carries the mutation caus-
ing the disease; thus no genetic screening was needed to study sensorimotor reflexes 
using Fox battery tests (Fox 1965) and spinal networks using electrophysiological 
recordings in the whole brainstem spinal cord preparation (Amendola et al. 2004). 
Second, the SOD1G85R strain was found to be a good model because the disease-
onset did not depend on the enzyme activity and astrocytes were involved in the 
pathology (Bruijn et  al. 1997, 1998). Homozygous and heterozygous SOD1G85R 
mice develop clinical symptoms at 6 and 12 months of age, respectively (Bruijn 
et al. 1997, 1998; Amendola et al. 2004, 2007; Amendola 2008). We studied the 
electrical and morphological properties of motoneurons in both low expressor mod-
els (G85R and G93A-low) with comparable time courses (Amendola et al. 2007; 
Pambo-Pambo et  al. 2009; Filipchuk et  al. 2021). We also studied the electrical 
properties of lumbar motoneurons from the high expressor line of SOD1 G93A 
mice (G93A-high) in the whole brainstem-spinal cord preparation to compare with 
most studies performed in slice or in cultured neurons from this transgenic strain 
(Pieri et al. 2003; Kuo et al. 2004, 2005; Quinlan et al. 2011; Leroy et al. 2014).

2 � Altered Sensorimotor Development in SOD1 Mice

In earlier work, we addressed the question of whether the SOD1 mutation has an 
impact on spinal motor networks in postnatal mutant mice (Amendola et al. 2004). 
We detected subtle functional alterations in postnatal SOD1G85R mice during senso-
rimotor development. Six sensorimotor responses appearing from P1 to P6 were 
measured daily in all male and female mice (Fox 1965; Amendola et  al. 2004; 
Amendola 2008). When the appropriate responses were observed, the pup was 
given a score of 1 for the corresponding test. Tests were as follows. (i) Righting: the 
pup was placed on it back; it righted itself within10 s. (ii) Cliff-drop aversion: the 
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pup was placed on the edge of a cliff (a table), the forepaws and the head over the 
edge; it turned and crawled away from the cliff. (iii) Forepaw and (iv) hind paw 
grasping: when the inside of one paw was gently stroked with an object, the paw 
flexed to grasp the object. (v) Forelimb and (vi) Vibrissae placing responses were 
also tested between P3 and P8 (Amendola et  al. 2004). Righting and hind paw 
grasping responses were significantly delayed for SOD1G85R pups up to P7 
(Amendola et al. 2004). Our behavioral testing from WT and SOD1G85R showed a 
transient motor deficit with a motor impairment of only the hind limbs. Behavioral 
deficits were also found in postnatal SOD1G93A mice (Van Zundert et al. 2008).

Electrophysiological studies using extracellular recordings from the ventral roots 
in entire brainstem-spinal cord preparations in vitro during perfusion of NMDA and 
5HT, showed a lack of alternating rhythmic activities in SOD1 mice, in contrast to 
WT preparations recorded in the same chamber. This lack of rhythmic responses 
suggested early hypoexcitability of lumbar networks probably due to changes in 
endogenous membrane properties and/or alterations in lumbar network 
connectivity.

A delayed maturation of supraspinal descending pathways has been suggested 
(Amendola et al. 2004; Amendola 2008). Recent results show a delay in the devel-
opment of 5HT immunoreactive descending fibers in SOD1G93A mice (Martin et al. 
2020). Further, we recently brought some arguments in support of a lower density 
of boutons in motoneuronal pools of SOD1 G85R mice (Filipchuk et al. 2021). In 
transgenic SOD1G93A mice, it was shown that NMA and 5HT could generate fictive 
locomotor activity just after birth at P0-P3 (Milan et al. 2014). This was not in con-
trast with our results since they were obtained in younger animals and in a different 
strain. Further, in previous experiments we could get alternating rhythmic activities 
in SOD1G85R in in vitro preparations when dopamine was added to the cocktail 
NMDA, 5HT (Amendola 2008). Gross deficits in locomotion were found in SOD1 
juvenile mice (Wooley et  al. 2005; Van Zundert et  al. 2008; Mead et  al. 2011; 
Vinsant et al. 2013).

3 � Electrical Properties of Developing Motoneurons 
in Postnatal Mice

Electrical properties of developing spinal motoneurons in neonatal mice have been 
investigated in several studies (Mynlieff and Beam 1992; Bories 2004; Bories et al. 
2007; Pambo-Pambo et al. 2009; Pambo-Pambo 2010; Nakanishi and Whelan 2010; 
Quinlan et al. 2011; Durand et al. 2015).
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�Early Changes in Electrical Properties of Lumbar Motoneurons 
from WT Mice

Here we focus on the different subgroups of motoneurons defined by their pattern 
of discharge during the postnatal period (Pambo-Pambo et al. 2009; Durand et al. 
2015). Using intracellular current pulses, we found three subgroups of postnatal 
motoneurons according to their discharge firing pattern (Fig. 1).

The delayed-onset firing motoneurons have the highest rheobase and, conse-
quently, are the least excitable motoneurons. We suggested they might represent the 
future fast motoneurons in adult animals (Durand et  al. 2015). A transient firing 
pattern with a single or a short train of spike (Fig. 1a) was the most preponderant 
between P0 and P3 as already described in neonatal rat and these motoneurons are 
considered as the least mature (Vinay et al. 2000a, b, 2002; Mentis et al. 2007). The 
sustained firing pattern (Fig. 1b) was the most frequent in older animals and was 
expressed by 100% of the motoneurons at P9 when recorded in an entire brainstem-
spinal cord preparation (Durand et  al. 2015). The distribution of the different 

Fig. 1  Three subgroups of lumbar motoneurons defined according to their discharge firing 
pattern in postnatal mice. (a) The transient firing is present in 32% of motoneurons at postnatal 
days P3-P5 (Durand et al. 2015). (b) The sustained firing is the most frequent after P7-P8. (c) The 
delayed onset firing is observed in 20–30% of cases when recorded in the whole brainstem-spinal 
cord preparation. Intracellular recordings of three lumbar motoneurons are illustrated with voltage 
deflections in response to current pulse injections of increasing intensities indicated above each 
black bar (nA). Membrane potentials are shown below first upper traces for each motoneuron. 
Same calibration bars for all recordings in the lower right panel
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patterns depends on the postnatal age of the mouse (Durand et  al. 2015). The 
delayed-onset firing pattern (Fig. 1c) was found in 20–30% of lumbar motoneurons 
in mice aged between P3 and P10. However, delayed-onset firing pattern (also 
called late spiking) was recorded in 65–70% motoneurons in spinal cord slices 
(Pambo-Pambo et al. 2009; Leroy et al. 2014). We suggested that the absence of 
neuromodulatory controls by supraspinal pathways in slice preparations was 
responsible for this different ratio (Durand et al. 2015). Several electrophysiological 
properties indicate that the three different patterns of discharge firing induced by 
intracellular current pulses injection in motoneurons are reflecting different states of 
maturation during this postnatal period (Durand et al. 2015). We also described five 
types of neonatal motoneurons using current ramp injection named transient, linear, 
linear with sustained firing, clockwise and counter-clockwise hysteresis (Amendola 
et al. 2007; Durand et al. 2015). Except for the transient groups, we found no cor-
relation between the subgroups defined by their discharge pattern induced by cur-
rent pulses and ramps (Pambo-Pambo et al. 2009; Durand et al. 2015).

�Early Alterations in Electrical Properties of Lumbar 
Motoneurons from SOD1 Mice

We found differences in electrical properties of WT and SOD1G85R motoneurons as 
soon as the beginning of the second postnatal week (Bories 2004; Durand et  al. 
2006; Bories et al. 2007; Pambo-Pambo et al. 2009; Elbasiouny et al. 2010). We 
measured a lower gain indicated by a lower slope of the frequency (F)– intensity (I) 
relationship in SOD1G85R motoneurons, a lower input resistance and a higher rheo-
base indicating hypoexcitability of lumbar motoneurons (Bories et al. 2007). The 
slope of the frequency-intensity curve (F-I) measured during the steady state of the 
discharge firing induced by intracellular injection of current pulses is the gain of a 
neuron. It has been measured in lumbar motoneurons (n = 32) and neighbor neurons 
(n = 20) in WT and SOD1 mice (Fig. 2). Such changes in excitability were not pres-
ent in P3-P6 motoneurons (but only in P7-P10) nor in spinal neurons, suggesting 
specific alterations of the motoneurons at that particular postnatal period (Bories 
et al. 2007; Amendola 2008).

Recently we confirmed hypoexcitability of lumbar motoneurons from SOD1G93A 

low mice (Filipchuk et  al. 2021). Further, alterations in the electrical properties 
including a lower gain and higher voltage threshold (signs of hypoexcitability) were 
specific to the delayed-onset firing SOD1 postnatal motoneurons. We concluded 
that the delayed-onset firing motoneurons are the first functionally affected moto-
neurons in the second postnatal week in the mouse model of ALS (Filipchuk 
et al. 2021).
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Fig. 2  Lower gain in SOD1 motoneurons. The frequency-intensity curve (F-I) measured in 
motoneurons and spinal neurons during the steady state of discharge firing induced by intracellular 
injection of current pulses with increasing intensities. In (a) the upper trace shows the extracellular 
recording from the L5 ventral root of the orthodromic spike evoked in the intracellularly recorded 
motoneuron (lower trace) confirming the identification of the motoneuron. In the lower traces, the 
voltage deflections of a WT motoneuron intracellularly recorded at P7  in response to injected 
pulses at three different current intensities (Em = −65 mV) illustrate the increased discharge firing 
frequency of action potentials. (b) Steady-state F-I curves of two motoneurons distinguished by 
different colors (WT in blue and SOD1-G85R in red). (c) Bar plots of the slopes of F-I relation-
ships of the motoneurons (n = 32) and spinal neurons (n = 20). The slope of the F-I relationship of 
the SOD1 motoneurons was less than that of the WT motoneurons (P = 0.02; permutation exact test 
with general scores) whereas no difference was observed between the spinal neurons. (Adapted 
from Bories et al. 2007)

4 � Morphological Properties of Developing Motoneurons 
in Postnatal Mice

Because the spatial pattern of the dendritic arborizations influences neuronal func-
tions (Korogod and Tyc-Dumont 2009), it is important to determine how dendrites 
acquire their characteristic size and morphology during development, when neuro-
nal branching patterns expand in space by increasing the number and length of seg-
ments. In cats and rodents dendritic maturation is completed at different times, it 
takes the first 6 postnatal weeks in the kitten (Krishnan 1980; Ulfhake et al. 1988; 
Ulfhake and Cullheim 1988) and the first 3 weeks after birth in the rat (Altman and 
Sudarshan 1975; Navarrete and Vrbova 1983, 1993). The complexity of dendritic 
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arborizations depend on many intrinsic and extrinsic factors (Libersat and Duch 
2004; Parrish et al. 2007).

�Early Changes in Morphological Properties of Lumbar 
Motoneurons in WT Mice

In contrast to cat and rat motoneurons in which the branching structure (topology) 
of motoneuron dendrites exhibits some simplification during postnatal development 
(Cameron et al. 1991; Kalb 1994; Nunez-Abades et al. 1994; Núñez-Abades and 
Cameron 1995), it seems that motoneuronal complexity in the mouse (number of 
branches per neuron) does not change during the two first postnatal weeks (Li et al. 
2005; Filipchuk and Durand 2012). Well branched dendritic trees of spinal moto-
neurons were found as early as P3 (average 75 ± 20 branching points per neuron) in 
postnatal mouse (Filipchuk 2011; Filipchuk and Durand 2012). In embryonic lum-
bar motoneurons, dendritic arborizations are already well developed in WT mice 
(Martin et al. 2013) although the total dendritic length and the number of branching 
points at E17.5 are much lower than that measured at P3-P4 (Martin et al. 2013; 
Filipchuk and Durand 2012). The number of branching points per motoneuron 
ranges between 34 and 100 and remains stable on average during the first two post-
natal weeks in WT mice (Amendola and Durand 2008; Filipchuk and Durand 2012). 
The number of dendrites per motoneuron, number of terminals per motoneuron and 
the other parameters related to tree topology remain relatively constant (Amendola 
and Durand 2008; Li et al. 2005; Filipchuk and Durand 2012; Filipchuk et al. 2021). 
Lumbar motoneurons develop in mice by elongation of their terminal segments 
between P3 and P8 (Filipchuk 2011; Filipchuk and Durand 2012).

The complete morphologies of single WT motoneurons have been described in 
detail in Amendola and Durand (2008), Filipchuk (2011) and Filipchuk and 
Durand, (2012).

�Early Changes in Morphological Properties of Lumbar 
Motoneurons in SOD1 Mice

We compared the detailed morphology of lumbar motoneurons from WT and SOD1 
mice at the age P3-P4 and correlated it with the geometry of WT and SOD1 moto-
neurons at P8-P9. By measuring the length of intermediate and terminal dendritic 
segments, we determined how dendrites grow and we detected the first morphologi-
cal anomalies in postnatal SOD1 motoneurons (Filipchuk and Durand 2012). Before 
the formation of supernumerary branches, SOD1 motoneurons exhibit longer termi-
nal segments compared to WT motoneurons at P3-P4 (Fig. 3).
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Fig. 3  Elongated distal dendrites in SOD1 motoneurons. Early morphological abnormalities in 
SOD1 motoneurons at P3-P4 concern the terminal dendrites. Dendrograms illustrate high percent-
age of short terminals (in red) in the WT motoneurons. Intermediate segments are shown in black; 
short terminal segments (<35  pm) are highlighted in red and longer ones (>35  pm) in blue. 
(Adapted from Filipchuk and Durand 2012)

Excessive dendritic overbranching was first measured in SOD1G85R lumbar moto-
neurons at postnatal days P8-P9 (Allene 2006; Amendola et al. 2007; Amendola and 
Durand 2008; Filipchuk and Durand 2012) and then confirmed in the SOD1-G93A-
low expressor line (Filipchuk et al. 2010, 2021). Abnormal proliferation of dendritic 
arborizations of SOD1 lumbar motoneurons was reported at the beginning of the 
second postnatal week in SOD1G85R mice, concomitant with changes in input resis-
tance, rheobase current and membrane capacitance measured in motoneurons 
recorded using the brainstem/spinal cord preparation (Bories et al. 2007).

The number of branches was twofold higher than that in the WT motoneurons at 
postnatal days P8 to P9. However, the rostrocaudal extension was found to be simi-
lar between WT and SOD1 motoneurons as well as the transverse extension. In the 
examples of Fig. 4, digitized full reconstructions showing the complete dendritic 
trees of two WT and two SOD1 motoneurons are illustrated in the transverse view. 
The motoneurons with the lowest number of branching points (upper two) and with 
the highest number of branching points (lower two) were compared. In both cases, 
the SOD1 motoneurons have a higher number of branching points (see Amendola 
and Durand 2008. Filipchuk et al. 2021).
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Fig. 4  Examples of full 3D reconstructions showing the dendritic trees of two WT and two 
SOD1 motoneurons (P8-P9) in transverse view. SOD1 motoneurons have a higher number of 
branching points in all cases. Dendritic overbranching in SOD1 motoneurons has been found origi-
nally in SOD1-G85R at postnatal days P8-P9. (Adapted from Amendola and Durand 2008)

The shape of dendritic arborizations depends on many intrinsic and extrinsic fac-
tors during development (Libersat and Duch 2004). The location of cell bodies in 
the ventral horn of the spinal cord also influences the orientation of dendrites. The 
dendrites projected mainly in 3 directions (dorsal, dorsolateral and medial) when 
the soma was in close proximity to the ventral horn boundary (Fig.  5a, c, e). 
Dendrites extended also ventrally when the soma was located centrally (Fig. 5b, d, f).

In many instances, multiple staining was observed following a single intracellu-
lar injection of neurobiotin (see also Amendola and Durand 2008). This could be 
due to gap junctions precluding the full reconstructions of motoneurons (Amendola 
et  al. 2007; Amendola and Durand 2008; Filipchuk et  al. 2021). In the example 
illustrated in Fig. 6, a second stained soma is visible in the background of the image.

During the course of these experiments, we could observe on rare occasions tri-
furcations in dendrites of SOD1 motoneurons (Fig. 6d). At higher magnification 

J. Durand and A. Filipchuk



363

Fig. 5  Examples of intracellularly stained lumbar motoneurons from SOD1 mice at P8-P9: 
(a, b) The shape of the dendritic arborizations depends on the location of cell bodies in the ventral 
horn of the spinal cord. Digital images of lumbar motoneurons in sections (75 pm) containing 
soma and proximal dendrites. Note the high number of primary dendrites and branching points, the 
abnormal and opposite directions taken by some proximal dendrites direction in other branches. (c, 
d) Digital images of the sections n−1 or n+1 adjacent to the section containing the soma and show-
ing the dendritic extension of SOD1 G93A motoneurons in both cases
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Fig. 6  Digitized full 3D reconstruction of a P8 lumbar SOD1 G93A-low motoneuron (from 
Filipchuk 2011). Upper right: Example of multiple staining following a single intracellular stain-
ing during the postnatal period; a second somatic region is visible in the background. Lower 
images: Small spines are detected in distal dendrites. Notice their very small size (<0.7 pm). lower 
right: an example of trifurcation in dendrite of a SOD1 motoneuron. Rare spines are present on 
thicker dendrite

only a few and very small spines (<0.5 μm) are detected 100 μm from the soma 
(Fig. 6c) and in distal dendrites, C). This is in contrast with golgi-cox staining where 
many big spines are observed in motoneuron dendrites at that postnatal age (Kanjhan 
et al. 2016).

5 � Discussion

Several decades ago, Swash and Schwartz (1995) wrote about ALS “The onset of 
the disease is difficult to delineate since the clinical manifestations develop gradu-
ally; retrospective analysis may suggest that the disease began several years before 

J. Durand and A. Filipchuk



365

presentation with muscular weakness or wasting), perhaps with a long preclinical 
phase during which the disease, although active is not symptomatic”. This long pre-
symptomatic period has now been confirmed in the transgenic SOD1 mice, models 
of ALS. We recently suggested that structural alterations perturbing intracellular 
trafficking might provoke an early dysfunction such as hypoexcitability of moto-
neurons (Durand et al. 2021). We will discuss here the possible causes of pathologi-
cal alterations of dendritic trees in SOD1 motoneurons, the possible link between 
toxic misfolded SOD1 protein (Saxena et al. 2013) and the specific hypoexcitabilty 
in the delayed onset firing motoneurons.

�Possible Mechanisms Involved in Pathological Alterations 
of Dendritic Tree

In SOD1G85R mutant mice, we showed that dendrites of SOD1 motoneurons had 
significantly longer terminal segments than the WT motoneurons at P3-P4 (Filipchuk 
and Durand 2012). This excessive elongation was then followed by pathological 
ramification of most individual dendrites between P4 and P8. During this short time, 
WT motoneurons grew only by elongation of their terminal segments, the number 
of branches being stable. In both WT and SOD1G85R motoneurons, the average 
length of intermediate segments remained invariant. An algorithm of SOD1G85R den-
dritic growth between P4-P8 was built, based on the detailed morphometric analy-
sis, to outline the dynamics of abnormal dendritic development (Filipchuk and 
Durand 2012). The dendritic elongation could be a sign of acceleration of dendritic 
growth at P3-P4 which is consistent with reported results demonstrating accelerated 
maturation of electrical properties in SOD1 motoneurons (Quinlan et al. 2011; Van 
Zundert et al. 2008). On the other hand, excessively elongated terminals segments 
might indicate some extrinsic mechanisms influencing dendritic morphology. 
Immunofluorescent labeling of synaptic terminals revealed significantly lower den-
sities of synaptophysin in SOD1G85R motoneuronal pools at postnatal day P3 com-
pared with matched WT pools (Filipchuk et  al. 2010, 2021). This indicated that 
SOD1G85R motoneurons may have lower synaptic input than WT motoneurons at 
that early age P3-P4. It’s known that dendrites extend into rich synaptogenic regions 
in normal conditions (Vaughn et al. 1988; Vaughn 1989) and that dendritic density 
is proportional to the number of synapses which supports the idea that formation of 
a synaptic contact could stabilize particular filopodia (Vaughn et al. 1988). In the 
absence of synaptic activity, dendrites elongate until they encounter active presyn-
aptic elements.

In cultured Purkinje cells, inhibition of electrical activity by tetrodotoxin (TTX) 
decreasing intracellular calcium level stops dendritic branching and provokes den-
dritic elongation (Schilling et al. 1991). It was hypothesized that for branching to 
occur, not only are synaptic contacts necessary but they must be functional, both in 
terms of neurotransmission and the generation of postsynaptic activity. It might be 
suggested that at P3-P4, dendrites elongate “looking for functional presynaptic 
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partners” and likely between P4 and P8 they manage to establish contacts which 
trigger branching. A study on adult Drosophila motoneurons demonstrated that 
decreased excitability leads to increased dendritic branch elongation, whereas 
increased excitability causes branching (Duch et al. 2008). In chicken motoneurons, 
it was shown that blocking of Ca+ permeable AMPA (α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) receptors at different embryonic ages has differ-
ent effect on dendritic morphology (elongation or branching) (Ni and 
Martin-Caraballo 2010).

Dendrite elongation and branching may involve the same mechanisms based on 
the microtubule-associated proteins (MAP2) phosphorylation (Hely et  al. 2001). 
Perturbation of microtubule dynamism and impairment of axonal transport occur in 
ALS (Fanara et  al. 2007; Farah et  al. 2003; Kieran et  al. 2005; Williamson and 
Cleveland 1999). Alterations in the integrity of microtubules have been observed 
very early in SOD1 mice with decreased levels of microtubule-associated proteins 
(Farah et  al. 2003) as in human ALS patients (Kikuchi et  al. 1999). Dendritic 
branching depends on microtubule assembly and disassembly under the control of 
the microtubule-associated proteins MAP2 phosphorylation (Audesirk et al. 1997; 
Friedrich and Aszodi 1991; Hely et al. 2001). MAP regulates many factors of micro-
tubule dynamics, including polymerization (depolymerization), bundling, spacing, 
and interaction with actin filaments (Maccioni and Cambiazo 1995). MAP2 was 
found predominantly in dendrites. The phosphorylation state of MAP2 modulates 
its interaction with microtubules (Audesirk et al. 1997). Increased phosphorylation 
of MAP2 protein stimulates neurite branching. Dephosphorylated MAP2 favors 
elongation by promoting microtubule polymerization. It may play a key role in 
switching neurite development between elongation and branching. MAP2 phos-
phorylation depends on the intracellular calcium concentration (Maccioni and 
Cambiazo 1995).

�Synaptic Activity and NMDA

The timing of afferent innervation and synapse formation coincides with the period 
of maximum growth and dendritic remodeling (Cline and Haas 2008; Curfs et al. 
1993). In the spinal cord the first postnatal weeks are an important period for the 
establishment of the connections of descending pathways (Vinay et al. 2000b). In 
the activity-dependent regulation of dendrite development, NMDA-type glutamate 
receptors play a central role (Kalb 1994; Lee et al. 2005). Their activation during 
development promotes motoneurons dendrite growth. Incorporation of NR2B dra-
matically increases the number of secondary and tertiary dendritic branches of ven-
tral spinal cord neurons (Sepulveda et al. 2010). The reduction of dendritic branching 
is related to the reduction of NR2A subunit in the cortex of SOD1 mice (Spalloni 
et  al. 2011). We have already some preliminary indications that NR2A subunit 
expression is changed in the developing SOD1 mouse lumbar spinal cord (unpub-
lished data).
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�Maturation of Motoneurons

In the newborn kitten, motoneurons innervating the short plantar muscles of the foot 
show less mature characteristics than those innervating triceps surae muscles 
(Ulfhake and Cullheim 1988) suggesting that dendritic maturation may be com-
pleted at different times in different motoneuron pools. It may correspond to differ-
ent maturation of electrical properties of functionally distinct motoneurons (Russier 
et al. 2003; Cotel et al. 2009; Vinay et al. 2000a). Thus changes in excitability and 
distribution of firing patterns depend on the motoneuron populations under study 
during the maturation period. Postnatal maturation of dendrites of extensor moto-
neurons within cervical in rat spinal cord is delayed compared to flexor motoneu-
rons (Curfs et  al. 1993) which can be related to the fact that flexor muscles are 
innervated at an earlier stage than extensor ones. The development of repetitive fir-
ing of ankle extensor motoneurons is also delayed compared to the flexor ones 
(Vinay et al. 2000a). Sustained repetitive and transient firings were observed for 
neonatal rat brain stem and spinal motoneurons (Gao and Ziskind-Conhaim 1998; 
Viana et  al. 1995; Vinay et  al. 2000a, 2002). Transient features are presumably 
related to different maturation states of underlying slow Na+ and Ca2+currents in 
lumbar motoneurons.

Signs of denervation appear very early in certain muscles of the SOD1 G93A 
high expressor (Vinsant et al. 2013; Hadzipasic et al. 2014). We hypothesized that 
the early electrical alterations in motoneurons are pathological signs in SOD1 mice 
as they might be at the origin of the peripheral disconnection at the neuromuscular 
junction (Durand et al. 2021). Hypoexcitability was found in the delayed-onset fir-
ing motoneurons in postnatal SOD1 mice (Filipchuk et  al. 2021). It was also 
described in adult transgenic SOD1 mice (Martínez-Silva et  al. 2018), in iPSC 
derived from human patients (Sances et  al. 2016) and also in ALS patients 
(Marchand-Pauvert et al. 2019). A direct consequence of early motoneuronal hypo-
excitability may be weakening of motor units.

6 � Conclusion

We studied in detail the earliest modifications in dendrites, their morphological evo-
lution during a crucial period of maturation and attempted to establish a structure-
functional correlation in the context of synaptic input integration in SOD1G85R and 
SOD1G93A-low mouse models of ALS. We have shown that excessive elongation of 
terminal segments represents the earliest signs of abnormal dendritic development 
in SOD1 motoneurons and is followed by intensive overbranching, starting between 
P4 and P8. The possible scenario of dendritic growth during this period has been 
elaborated (Filipchuk and Durand 2012). We have found that dendritic overbranch-
ing is a common feature in both SOD1G85R and SOD1G93A model mice at the begin-
ning of the second postnatal week (Filipchuk et al. 2021).
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We suggested that the sustained firing motoneurons are more resistant to patho-
logical mechanisms involving the toxic accumulation of mutated proteins (Saxena 
et al. 2013).

Our data support the fact that pathological changes begin significantly earlier 
than overt clinical symptoms and suggest that treatment should start much earlier to 
be effective.

It seems that the denervation of muscles precipitates the clinical symptoms, but 
denervation starts very much earlier that the obvious motor deficits. Our data sup-
port the central origin of the denervation following motoneuronal hypoexcitabil-
ity in ALS.

The transgenic SOD1 animals compensate for a long period during which clini-
cal symptoms are not detected even when a number of motoneurons have been lost. 
Such compensatory mechanisms could explain a long asymptomatic period in ALS 
patients (Leigh and Swash 1996).
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From Physiological Properties to Selective 
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in Amyotrophic Lateral Sclerosis
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Abstract  Spinal alpha-motoneurons are classified in several types depending on 
the contractile properties of the innervated muscle fibers. This diversity is further 
displayed in different levels of vulnerability of distinct motor units to neurodegen-
erative diseases such as Amyotrophic Lateral Sclerosis (ALS). We summarize 
recent data suggesting that, contrary to the excitotoxicity hypothesis, the most vul-
nerable motor units are hypoexcitable and experience a reduction in their firing 
prior to symptoms onset in ALS. We suggest that a dysregulation of activity-dependent 
transcriptional programs in these motoneurons alter crucial cellular functions such 
as mitochondrial biogenesis, autophagy, axonal sprouting capability and re-
innervation of neuromuscular junctions.
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1 � Introduction

Neurodegenerative diseases generally affect preferentially defined populations of 
neurons (“selective vulnerability”, Roselli and Caroni 2015). For example, in 
Amyotrophic Lateral Sclerosis (ALS), the most prominent neurodegenerative dis-
ease of motoneurons, some motor pools are more vulnerable than others (Kaplan 
et al. 2014), but even in a given motor pool, the order of motoneuron degeneration 
depends on their physiological type (Fig. 1) (the reader may refer to the chapter 
“Diversity of mammalian motoneurons and motor units” for details on the properties 
of motor units and their classification): motoneurons innervating the fast-contracting 
and fatigable (FF) motor units degenerate first, followed by those innervating the 
fast-contracting fatigue resistant (FR) motor units, whereas the motoneurons inner-
vating the slow-contracting (S) motor units are the most resistant (Pun et al. 2006; 
Hegedus et al. 2008). Moreover, gamma-motoneurons, which innervate intrafusal 
muscle fibers, are spared in this disease (Lalancette-Hebert et  al. 2016). Despite 
more than 20 years of intensive research, the pathophysiological mechanisms that 
lead to motoneuron degeneration in ALS are still largely unknown. Among many 
others, the glutamate excitotoxic hypothesis has been proposed (Van Den Bosch 
et  al. 2006; Ilieva et  al. 2009) but recent studies have challenged this hypothesis 
(Saxena et al. 2013; Delestrée et al. 2014; Kim et al. 2017; Martínez-Silva et al. 
2018). In this chapter, we will review recent data that challenge the excitotoxic 
hypothesis, and which shed new light on the possible role of intrinsic excitability as 
an essential determinant of motoneuron differential vulnerability in ALS. Finally, 
we will propose an alternative hypothesis based on a dysregulation of activity-
dependent transcriptional programs to account for the selective vulnerability.

Fig. 1  Schema illustrating the order of degeneration of the main types of motor units during 
the course of ALS. NMJs on type IIB fibers (belonging to FF motor units) degenerate first, fol-
lowed by NMJs on type IIA fibers (FR motor units), and the NMJs on type I fibers (S motor units) 
degenerate last. Note that the degeneration order is opposite to the recruitment order of motor units 
(S > FR > FF)
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2 � Selective Vulnerability of Motor Units to ALS

Studies in animal models of ALS and human patients have shown that motor units 
degenerate at different time points according to their type (Frey et al. 2000; Pun 
et al. 2006; Hegedus et al. 2008). Motor unit degeneration starts by the denervation 
of its constituent muscle fibers (i.e. the degeneration of neuromuscular junctions), a 
process that happens quite fast in the SOD1(G93A) mouse model (Schaefer et al. 
2005; Pun et al. 2006). However, the remaining axonal branches are able to sprout 
and reinnervate vacant motor endplates for a substantial amount of time (Martineau 
et al. 2018), a process that seems to be also dependent on the type of motor unit (Pun 
et al. 2006). Following the degeneration of the neuromuscular junctions, the motor 
axon and then the cell body degenerate (Pun et  al. 2006; Kanning et  al. 2009). 
Anatomical observations in post-mortem ALS patients have shown that small diam-
eter axons in the ventral horn (putatively gamma and S-type motor axons) are 
spared, while large diameter axons have degenerated (Kawamura et al. 1981; Sobue 
et al. 1981). Examination of cell bodies in the ventral horn of post-mortem ALS 
patient spinal cords similarly revealed a selective degeneration of the largest cell 
bodies (McIlwain 1991). These observations are corroborated by electrophysiologi-
cal explorations in human patients, showing a decline in motor unit force specifi-
cally in the highest threshold (F type) motor units (Dengler et al. 1990), and the 
emergence of “giant” motor unit potentials, reflecting the sprouting of motor axons 
and the reinnervation of muscle fibers (Pinelli et al. 1991; Duleep and Shefner 2013).

Pun et al. (2006) have used the sparse labeling of axons in Thy1-GFP mice to 
map the distribution of motor units in the lateral gastrocnemius muscle and other 
muscles. They identified subcompartments in the hindlimb muscles innervated by 
separate motor unit populations, and further demonstrated that some of those sub-
compartments are constituted of a single muscle fiber type. For instance, the most 
lateral (l1) and the most medial (m3) compartments of the mouse LG are devoid of 
Type IIA and Type I fibers (Frey et al. 2000; Pun et al. 2006), and therefore consti-
tuted solely of FF motor units. Based on these results, the authors went on to show 
that FF motor units are the first to denervate, starting around P50 in the SOD1(G93A) 
mouse model (Fig. 2). Motoneurons innervating the FR motor units degenerate later 
(the denervation of their muscle fibers starts at P80-P90, a time at which the first 
motor symptoms start to be noticeable) whereas motoneurons innervating the S type 
motor units are the most resistant in ALS and usually do not show any sign of 
degeneration before end-stage (Pun et al. 2006). This sequence of degeneration has 
also been independently confirmed using force recordings and motor unit number 
estimation (Hegedus et al. 2007, 2008). In the SOD1(G37R) mouse model of ALS, 
at both presymptomatic and symptomatic disease stage, the NMJs of S motor units 
showed more nerve sprouting, poly-innervation, and perisynaptic Schwann cell pro-
cess extension than those of FF or FR motor units indicating their high capability 
for muscle reinnervation (Tremblay et al. 2017) which may play an important role 
in their resistance to degeneration.
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Fig. 2  NMJ denervation happens at different time points depending on motor unit type in 
the SOD1(G93A) mouse model of ALS. (a) Arborization pattern of axons innervating the medial 
compartment of LGC. Whole-mount preparation from Thy1-GFP transgenic mouse expressing 
mGFP (green) in few motoneurons and counterstained with RITC-α-bungarotoxin to visualize 
NMJs. Axon bundles branched out from LGC and SOL nerve (left) to innervate subcompartments 
m3, m2 and m1 (boundary regions indicated by yellow bars). Individual axons projected to only 
one subcompartment. (b) Intramuscular nerves (black axon bundles, arrows at left) and postsynap-
tic sites (acetylcholine esterase, blue) in LGC subcompartment l1 of wild-type and SOD1(G93A) 
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3 � Excitability Changes in Motoneurons Is a Determinant 
of Their Vulnerability in ALS

The firing of any neuron depends both on the balance of excitatory and inhibitory 
inputs it receives, and on its intrinsic electrical properties that set its excitability. 
The long-lasting excitotoxicity hypothesis relies on the assumption that excessive 
excitatory glutamatergic inputs may lead to an overload of cytosolic calcium, which, 
in turn, would trigger apoptosis. In addition, calcium overload could also be trig-
gered by intrinsic hyperexcitability of the motoneurons, as increased firing would 
over-activate voltage-dependent calcium channels (Van Den Bosch et  al. 2006; 
Grosskreutz et al. 2010). Indeed, alterations of intrinsic excitability or alterations of 
excitatory inputs have been reported in several neurodegenerative diseases (reviewed 
in Roselli and Caroni 2015).

In mouse models of ALS, alterations in motoneuron intrinsic excitability depend 
on the time point (embryos, neonates, presymptomatic adults, symptomatic adults, 
endpoint), the motor pool (some motor pools are selectively spared in ALS), and 
also on the motor unit subtype (which is linked to the motoneuron vulnerability). 
Alterations in motoneuron electrical properties are detected before the motoneurons 
begin to degenerate. Indeed, already at the embryonic stage, input resistance is 
increased, rheobase is decreased and slope of the frequency-current relationship 
(F-I gain) is increased in spinal motoneurons (recorded either in cultures or in whole 
spinal cords) indicating that motoneurons are hyperexcitable at this stage (Pieri 
et al. 2003; Kuo et al. 2004; Martin et al. 2013). Shortly after birth (P4–P10), altera-
tions of intrinsic properties have also been reported but results are somehow contra-
dictory. Hypoglossal motoneurons were reported to be hyperexcitable (F-I gain is 
increased, (van Zundert et al. 2008)). However, Pambo-Pambo et al. (2009) did not 
observe any change in input resistance, rheobase, or stationary gain of spinal moto-
neurons suggesting that their excitability was unchanged. In the same vein, Quinlan 
et al. (2011) found that the excitability of spinal motoneurons is homeostatically 
maintained despite an increase in their input conductance (recruitment current and 
F-I gain unchanged). In contrast, Bories et al. (2007) reported a decrease in input 
resistance causing spinal motoneurons to be hypoexcitable. There are many con-
founding factors that could account for these discrepancies. First, not all studies use 
the same animal model. Bories et  al. (2007) used SOD1(G85R) mice, Pambo-
Pambo et al. (2009) used the SOD1(G85R) and the SOD1(G93A)-low expressor 
line, van Zundert et al. (2008) and Quinlan et al. (2011) used the SOD1(G93A)-high 

Fig. 2  (continued) mice at P55. Note complete denervation (arrows at right) and absence of thick 
motor axons in the mutant mouse. Combined silver-esterase labeling. (c) NMJs in compartments 
containing exclusively FF motor units (such as LGC subcomp. m3) are denervated around P50 and 
remain so for the duration of the life of the animal. NMJs in compartments containing a mix of FF 
and FR motor units (such as LGC subcomp. m1) experience two waves of denervation, a first hap-
pening around P50 (presumably corresponding to the denervation of the FF motor units), and a 
second around P80 (presumably corresponding to the denervation of the FR motor units). (Adapted 
from Pun et al. (2006) with permission from Springer Nature)
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expressor line. Since the time course of the disease is different in these models, the 
same age range does not necessarily correspond to the same point in the evolution 
of the disease process. The criteria for defining hyper- or hypo-excitability is also 
not always consistent between studies. In addition, in these studies, motoneurons 
were pooled together and were not separated between the different physiological 
subtypes. Therefore, type-specific changes in motoneuron electrical properties, if 
any, could have been overlooked. Conclusions at the population level may be depen-
dent on the proportion of each subtypes in the motoneuron samples investigated in 
mutant and control mice. It is then critically important to try separating the moto-
neurons according to their physiological subtype, i.e. to their vulnerability.

For this reason, Leroy et al. (2014) used the difference in firing observed in S and 
F-type lumbar motoneurons at P6–P10 (immediate vs. delayed-firing, see section 
“Motoneuron electrophysiological properties depend on their motor unit type”, 
Fig. 3) to test whether the different types of motor units exhibit differential changes 
of their excitability in the SOD1(G93A) mice.

Most interestingly, it was found that the rheobase specifically decreases in imme-
diate firing motoneurons of mutant SOD1 mice compared with wild-type (WT) 
mice (their voltage threshold for firing is lower than in immediate-firing controls) 
(Fig. 3d). This indicates that this motoneuron subpopulation (S-type) is hyperexcit-
able in neonatal SOD1(G93A) mice. In sharp contrast, the rheobase remained 
unchanged in the delayed firing motoneurons (Fig. 3c) indicating that the excitabil-
ity of F-type motoneurons is unchanged. It then appears that the S-type motoneu-
rons, which are the less vulnerable in ALS, display an hyperexcitability in the 
SOD1(G93A) mice at P6–P10 whereas the F-type motoneurons (i.e. more vulnera-
ble than the S-type) have normal excitability (Leroy et al. 2014). These results rep-
resent a significant shift with the current hypothesis that the more hyperexcitable a 
motoneuron, the more vulnerable it is (Van Den Bosch et  al. 2006; Grosskreutz 
et  al. 2010). However, it is interesting to note that Venugopal et  al. (2015) have 
found, at the same postnatal age and in the same mice, that among the trigeminal 
motoneurons (classified on their electrophysiological properties: rheobase, input 
resistance and membrane capacitance) only the “predicted fast types” motoneurons 
display a hyperexcitable shift marked by reduced rheobase and increased input 
resistance whereas the “predicted slow type” do not present significant alterations. 
These results are different from those obtained in lumbar motoneurons by Leroy 
et al. (2014) suggesting that excitability changes of motoneurons may not be paral-
lel in the brainstem and in the spinal cord.

ALS is an adult-onset disease, such that there is ample time between the neonatal 
stage and the onset of symptoms for the properties of motoneurons to change and 
adapt. In adult presymptomatic ALS mice, in vivo intracellular recordings of moto-
neurons in SOD1(G93A) mice revealed that a fraction of motoneurons lose their 
ability to fire repetitively in response to a slow ramp of current (Delestrée et  al. 
2014). Indeed, this loss of repetitive firing is a manifestation of hypoexcitability. 
Moreover, the refinement of in  vivo electrophysiological methods in adult mice 
allowed to intracellularly record or stimulate a single motoneuron while the force 
output of the motor unit was simultaneously recorded at tendon (Manuel and 
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Fig. 3  Differential excitability changes of F- and S-type motoneurons in SOD1(G93A) mice 
at P6-P10. (a) The discharge of F-type motoneurons is delayed in response to a long depolarizing 
pulse at an intensity just above rheobase. Note that the motoneuron is slowly depolarizing during 
the first half of the pulse before reaching the spiking threshold. (b) In contrast, the S-type moto-
neurons discharge immediately at the onset of a long depolarizing pulse just above the rheobase. 
(c) Rheobase of F-type motoneurons is unchanged in SOD1(G93A) mice (red filled circles) with 
respect to WT mice (open squares). Rheobase is plotted against input conductance. (d) Rheobase 
of S-type motoneurons is significantly reduced in S-type motoneurons of SOD1(G93A) mice indi-
cating that they are hyperexcitable. Same arrangement as in (c). (Adapted from Leroy et al. (2014) 
used under CC-BY)

Heckman 2011). This methodological development made possible in  vivo type-
identification of motoneurons in FF, FR and S subtypes on the basis of the contrac-
tile properties of their motor units (Martínez-Silva et al. 2018). This work showed 
that at P45–P50, most FF motor units and many FR motor units among the largest 
ones display a loss of repetitive firing (hypoexcitability) upon a slow ramp of depo-
larizing current, while the motoneurons of the smaller FR motor units and the S-type 
motor units display normal excitability (they discharge repetitively, their rheobase 
and the gain of the discharge frequency-injected current function are unaltered) 
(Fig. 4). This loss of repetitive firing occurs despite the fact that the motoneuron can 
still elicit a single spike in response to a current transient. It also occurs before the 
degeneration of the neuromuscular junction since the single spike is still able to 
elicit an electromyographic response and a twitch of the motor unit. Thus the loss of 
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Fig. 4  Loss of repetitive firing in the most vulnerable motor units in presymptomatic 
SOD1(G93A) mice. (a) Example of a motoneuron which lost the property to fire repetitively (a1, 
green trace) in response to a slow triangular ramp of current (a1, blue trace) in a SOD1(G93A) 
mouse. However this motoneuron is still able to fire a single spike (a2, green trace) in response to 
a transient depolarizing pulse (a2, blue trace). Note that when the motoneuron is firing a motor unit 
action potential is recorded (a2, the grey trace shows the electromyographic response), and the 
motor unit displays a twitch force (a2, red trace) indicating that the neuromuscular junctions have 
not degenerated yet. (b) Example of a motoneuron that elicits a repetitive discharge in response to 
a slow triangular ramp of current (blue trace) in a SOD1(G93A) mouse (same arrangement as in 
a). (c–d) The different motor unit subtypes are displayed in function of their twitch amplitude and 
of their twitch contraction time. Non-firing motoneurons in response to the triangular ramp are 
highlighted with a star (filled stars in c and open stars in d). There are more non-firing motoneu-
rons in the SOD1(G93A) mice (d) than in WT mice (21% vs. 6%). Remarkably the non-firing 
motoneurons exclusively clustered in the FF motor units and in the largest FR motoneurons (those 
that develop a twitch force larger than 1.3 mN) indicating that the non-firing property is observed 
only among the most vulnerable motoneurons. Arrows point to the two examples in panels a and 
b. (Adapted from Martínez-Silva et al. (2018) used under CC-BY)
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repetitive firing precedes the degeneration onset. Disease markers (p-eIF2α and p62 
aggregates) confirm that non-repetitively-firing motoneurons are at a more advanced 
disease stage (i.e., they are the most vulnerable) than those that can still discharge 
normally (Martínez-Silva et al. 2018). In addition, the same selective loss of repeti-
tive firing also occurs in an unrelated ALS model, the FUS(P525L) mice (Sharma 
et al. 2016), indicating that this feature is common to both phenotypes. Motoneuron 
type-specific hypoexcitability was also suggested in spinal motoneurons in adult 
slices (Hadzipasic et al. 2014). Since functional identification of the motoneuron 
types based on the motor units contractile properties was not possible in these con-
ditions, motoneurons were classified on their firing properties and retrograde label-
ing was used to tentatively correlate those clusters with the known composition in 
motor unit types in specific muscles. Recordings in SOD1(G85R) mice at 
2–4 months show an hyperpolarization of the resting membrane potential, with no 
change in input resistance, making them potentially hypoexcitable in several of the 
putative vulnerable clusters. The same group has performed in vivo extracellular 
recordings of putative motoneurons during treadmill walking in symptomatic ani-
mals, and observed an overall decrease in motoneuron firing rates which is compat-
ible with the hypoexcitable state (Hadzipasic et  al. 2016). It should be noted, 
however, that the Meehan group has not reported such hypoexcitability when 
recording from SOD1(G93A) mice (Jensen et al. 2020), or from a mouse model 
with a different mutation of the SOD1 gene SOD1(G127X) (Meehan et al. 2010; 
Bonnevie et al. 2020). The origin of this discrepancy is still contentious, but it may 
be due to the fact that they performed their recordings in older mice (in which 
degeneration of the most vulnerable motoneurons is already under way) than in the 
previous studies (Delestrée et al. 2014; Martínez-Silva et al. 2018), as well as sub-
optimal discontinuous current-clamp switching rate, which may distort the firing of 
those cells (Manuel 2020).

Most of the data on alterations of spinal motoneuron excitability in ALS mice 
reported so far are compatible with the model illustrated in  Fig. 5. At a very early 
stage (embryos), spinal motoneurons are hyperexcitable but the excitability declines 
with time at different speeds according to the motoneuron vulnerability. In neo-
nates, the most resistant motoneurons are still hyperexcitable whereas the vulnera-
ble motoneurons display a normal excitability. Later on the excitability of the most 
resistant motoneurons declines to become normal in presymptomatic adults at the 
time the most vulnerable motoneurons already display hypoexcitability, which pre-
cedes their degeneration. We do not know so far how the excitability of the most 
resistant motoneurons evolves at a time-point close to the disease end-stage. 
Interestingly, recordings in the cortex of cortico-spinal neurons, which are also 
known to degenerate in ALS, show that these cells are hyperexcitable early on (Pieri 
et al. 2009; Kim et al. 2017), returning to normal excitability in young adults, and 
then becoming hyperexcitable again at end stage (Kim et al. 2017). Furthermore, 
the timeline of excitability changes illustrated in Fig. 5 is corroborated by studies in 
induced pluripotent stem cell (iPSC)-derived motoneurons from human patients 
with different mutations. Recordings in these cells have shown an initial 
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Fig. 5  Schematic timeline of the changes in excitability of vulnerable and resistant motoneu-
rons during ALS. Top traces are cartoons showing the representative firing pattern of vulnerable 
and resistant motoneurons at neonatal stages, and just prior to the onset of NMJ denervation

hyperexcitability (Wainger et al. 2014; Devlin et al. 2015), which then turns into 
hypoexcitability as the cells mature (Sareen et al. 2014; Devlin et al. 2015; Naujock 
et al. 2016). Studies in IPSCs-derived motoneurons point to alterations in sodium or 
potassium currents which account for their excitability changes (Wainger et  al. 
2014; Devlin et al. 2015; Naujock et al. 2016). Most interestingly, a recent work 
demonstrated that the loss of repetitive discharge and the alterations in sodium and 
potassium currents in IPSC-derived motoneurons occurs only in presence of mutant 
astrocytes indicating that these processes are non-cell autonomous (Zhao et al. 2020).

Can the changes of intrinsic excitability contribute to the motoneuron vulnerabil-
ity in ALS? In young IPSCs-derived motoneurons, a Kv7 potassium channel opener, 
Retigabine, was shown to reduce hyperexcitability to control levels and to increase 
the survival of the cells (Wainger et al. 2014). In older IPSCs-derived motoneurons, 
a potassium channel blocker, 4-Aminopyridine, was shown to reduce the hypoexcit-
ability phenotype and also the stress of the reticulum endoplasmic as well as apop-
tosis, suggesting a neuroprotective action (Naujock et  al. 2016). In adult 
presymptomatic double transgenic SOD1(G93A)/ChAT-cre mice, Saxena et  al. 
(2013) performed in vivo chemogenetic manipulation of the excitability of lumbar 
motoneurons using an AAV9 viral vector that carried the floxed pharmacologically 
selective actuator module (PSAM) either coupled to 5HT3-receptor (PSAM-Act) 
for neuronal depolarization or to glycine-receptor (PSAM-Inh) for neuronal 
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hyperpolarization. The expressed channels were then activated with the specific 
orthogonal ligand PSEM. The virus was delivered by intraspinal injection at the 
lumbar L3–L5 levels, thus avoiding autonomic pre-ganglionic cholinergic neurons, 
which are located more rostrally (Barber et al. 1984; Cabot 1996). During the injec-
tion, the tip of the capillary was located deep in the ventral horn, minimizing the 
infection of the cholinergic interneurons (so-called partition cells); nevertheless, 
control experiments were performed in which the injection only affected partition 
cells (injection site close to the ependymal canal). Enhancing motoneuron excit-
ability with the PSAM-Act specifically reduced the amount of misfolded SOD1 
protein, the endoplasmic reticulum stress in the FF-type motoneurons (i.e., the most 
vulnerable ones) and delayed the denervation of the neuromuscular junctions in the 
corresponding motor units. Conversely, reducing motoneuron excitability with the 
PSAM-Inh has opposite effects (Saxena et al. 2013). On the other hand, activating 
or inhibiting the partition cells did not result in any significant effect on disease 
markers in motoneuron. Of note, a beneficial effect similar to those obtained by 
direct motoneuron activation was also achieved by inactivation of Parvalbumin 
interneurons (Saxena et al. 2013), strengthening the concept that enhancement of 
motoneuron excitation is critical to obtain beneficial effects on disease markers. 
Altogether, these experiments indicate that there is a clear link between the excit-
ability changes of motoneurons and their vulnerability. The next section presents 
some activity-dependent intracellular pathways that may be involved in such a link.

4 � Molecular Pathways Linking Excitation/Excitability 
to Vulnerability

The alterations in motoneuronal excitability and firing properties are not isolated 
events but have far-reaching implications in terms of the cell biology of motoneu-
rons. Indeed, different properties in the recruitment (i.e., how often motoneurons 
are used during physical activity), firing patterns (i.e., whether motoneurons display 
tonic or phasic firing patterns, and the characteristics of the burst in the phasic fir-
ing) and firing rates (i.e., the average frequency of action potentials as well as the 
frequency within each burst) are translated into distinct biological features that vary 
across motoneuron subtypes, in terms of transcriptional profiles, structural and 
functional plasticity and, in turn, to vulnerability to disease. In pathological condi-
tions, changes in firing are expected to ricochet through signaling cascades down to 
widespread alterations in cell biological processes and transcriptional landscapes.

In this respect, transcription factors act as converging points of the transduction 
cascades (Fig.  6). Well-known activity-modulated transcription factors (such as 
CREB and SRF) as well as so-called Immediate-Early genes (so named because 
their expression is triggered by external stimuli within a few minutes of stimulation) 
are expressed in motoneurons, indicating that motoneurons display a robust activity-
regulated transcription (Bączyk et al. 2020; Alami et al. 2020). To date, the precise 
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Fig. 6  Some of the pathways mediating activity-dependent transcriptional regulation in 
motoneurons. ① Neuronal activity is translated into a transient peak of cytoplasmic calcium levels 
due to the influx of calcium through synaptic receptors, Voltage-Dependent Calcium Channel and 
release of calcium from cellular stores. The elevated calcium levels trigger the formation of active 
calcium/Calmodulin complexes ②, which in turn activate adenylyl cyclases (and the downstream 
PKA pathway), MEK/ERK, and CaMKIV (and some isoforms of CaMKII). These kinases con-
verge to phosphorylate CREB on serine 133, as well as CREB co-activator (CBP) and other tran-
scription factors (Elk1, SRF) ③. Some transcription factors are activated directly by the elevation 
of the nuclear calcium level (such as DREAM). Downstream of CREB, multiple secondary tran-
scription factors are activated (such as cFos, PGC-1α, ATF3), which bring about cellular responses 
in terms of promotion of cell survival, mitochondrial biogenesis, NMJ innervation, and autophagy 
(directly CREB dependent), thereby promoting cell survival. Loss of pCREB levels observed in 
ALS vulnerable motoneurons points toward the dysfunction of some or all of the upstream activa-
tion mechanisms and imply the dysfunction of multiple downstream cell biological pathways

contribution of these transcription factors to the control of the biology of motoneu-
rons remains to be investigated. Nevertheless, the basic biology of these transcrip-
tion factors is apparently conserved in motoneurons as much as in other neuronal 
subtypes. CREB is a transcription factor which constitutes the convergence-point 
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for multiple signaling cascades: the phosphorylation of Serine 133, which enables 
CREB transcriptional activation, is brought about by PKA, MAPK (in particular by 
RSK2) (not shown), and CaMKIV (Mayr and Montminy 2001). Upon S133 phos-
phorylation, CREB binds the CBP/p300 transcriptional co-activator, which, in turn, 
upon phosphorylation by CaMKIV is responsible for recruiting the Type-II RNA 
polymerase and for starting the transcription of CREB-regulated genes (Saura and 
Cardinaux 2017). Notably, recruitment of CBP is aided by a second activity-
regulated transcription factor named SRF (Serum Response Factor); SRF is acti-
vated upon phosphorylation by ERK and GSK-3beta and it is necessary for the 
transcription of a number of immediate-early genes (Lösing et al. 2017). It must be 
stressed that CREB and SRF are the best known but not necessarily the only tran-
scription factors involved in translating neuronal activity into transcriptional pro-
grams. Downstream of the CREB and SRF responses lie a number of other 
transcriptional regulators, such as ATF3, NPAS4, Egr1-3, GADD45b and the Fos 
family. Thus, when considering the genes directly regulated by CREB and SRF 
(Zhang et al. 2005) and those indirectly regulated through second-order transcrip-
tion factors, a large fraction of the genome expressed in neurons is under the regula-
tion of neuronal activity. CREB and CREB-related proteins are necessary for the 
survival of several subpopulations of neurons (Mantamadiotis et al. 2002), but to 
date we do not have a clear understanding of their role in motoneuron survival.

Notably, the pattern of CREB phosphorylation in motoneurons reflects intrinsic 
differences between subpopulations, being the highest in FF- and the lowest in 
S-motoneurons (Saxena et al. 2013). Although the biochemical basis for such an 
effect are unknown, one may speculate that burst firing is more effective in inducing 
CREB phosphorylation than tonic firing. Notably, FF-motoneuron display high lev-
els of pCREB even if their recruitment is anticipated to be infrequent, suggesting 
that once triggered, CREB may remain in a phosphorylated state for longer periods 
of time; nevertheless, a certain degree of motoneuron recruitment would be neces-
sary to sustain CREB phosphorylation over time and thus guarantee neuroprotective 
transcriptional programs. Interestingly, epidemiological evidence (Pupillo et  al. 
2014; Fang et  al. 2016; Gallo et  al. 2016) suggests, not without controversy 
(Huisman et  al. 2013; Visser et  al. 2018) that moderate physical activity may 
decrease the risk of ALS (although intense physical activity may actually increase 
it). Furthermore, the differential phosphorylation level of CREB suggests that 
FF-motoneurons may be more sensitive than S-motoneurons to reduced excitability, 
since this would affect pCREB levels and therefore affect more severely 
FF-motoneurons than S-motoneurons. In fact, CREB phosphorylation is distinc-
tively reduced in FF-motoneurons in the SOD1(G93A) ALS mouse model (Saxena 
et al. 2013). Which cellular processes controlled by CREB (and/or SRF) may be 
involved in bringing about motoneuron vulnerability differences, i.e. may sensitize 
motoneurons when pCREB levels are reduced? Among the CREB-induced tran-
scription factors, ATF3 has been shown to prolong survival when overexpressed in 
the SOD1(G93A) mouse by enhancing the reinnervation sprouting (which takes 
places upon the loss of the FF-motoneurons) and maintaining muscle innervation; 
thus, loss of ATF3 may contribute to increased sensitivity. Moreover, CREB is a 

From Physiological Properties to Selective Vulnerability of Motor Units in Amyotrophic…



388

critical regulator of the expression of the transcription factor PGC-1α, which, in 
turn is the key activator of mitochondrial biogenesis (Li et al. 2017); in fact, PGC-1α 
levels are reduced in the spinal cord of ALS mouse models (Eschbach et al. 2013; 
Bayer et al. 2017) and mitochondrial abnormalities are considered a critical patho-
genic step in ALS development (Carrì et al. 2017). Third, CREB controls directly 
the quantity of several factors involved in autophagy (at least in non-neuronal cells 
(Seok et al. 2014)) and it is possible that loss of CREB-dependent, activity-regulated 
transcription may generate or contribute to the autophagy overload seen in several 
ALS models and in patients (Rudnick et al. 2017; Catanese et al. 2019). Thus, loss 
of activity-dependent CREB phosphorylation would result in detrimental conse-
quences in terms of mitochondrial biogenesis, autophagy and NMJ re-innervation. 
Such complex fall-out is in agreement with the large number of cell-biological 
abnormalities described in ALS mouse models.

Although CREB provides a prototypical example of activity-dependent tran-
scription factor, it must be stressed it is not the only one (MEF family members, 
Elk-1, NPAS4 and MeCP2 are among the best understood regulators to date) and 
that a number of epigenetic mechanisms based on DNA methylation and chromatin 
remodeling may also be involved (Greer and Greenberg 2008; Kim et  al. 2010; 
Ebert et al. 2013; Malik et al. 2014; Yap and Greenberg 2018).

CREB phosphorylation, and more broadly, the transcriptional responses linked 
to neuronal activity, are regulated by multiple signal transduction cascades (Fig. 6). 
Although the motoneuron-specific details of these signaling events are unknown, a 
few highly conserved signaling cascades are known to be active in motoneurons and 
may be involved not only in the regulation of activity-dependent transcription in 
healthy conditions but also in ALS-associated alterations linking disrupted activity 
to altered transcriptional responses.

In particular, the cAMP/PKA pathway is one of the most important regulators of 
the phosphorylation of CREB on Serine 133 either directly (with PKA interacting 
with CREB) or through the cAMP-dependent activation and stabilization of the 
active conformation of the small GTP binding protein Rap1 (Borland et al. 2009), 
which in turn activates the MEK/ERK cascade (which also phosphorylates CREB 
on S133; Takahashi et al. 2017). Moreover, the Ca2+/Calmodulin-sensitive kinase 
CaMKIV has been shown to phosphorylate both CREB itself (Bito et  al. 1996; 
Soderling 1999) and its co-activator CBP (Impey et al. 2002). CaMKIV is directly 
activated by CaM binding as well as by phosphorylation by the upstream CaMKK 
(Wayman et al. 2008) and it is highly enriched to the nucleus upon phosphorylation. 
Despite the apparent redundancy with PKA and ERK, CaMKIV has been identified 
as a critical mediator of large-scale adaptations of neurons to firing, in particular of 
homeostatic scaling, the global tuning of synaptic inputs aimed at stabilizing neuro-
nal inputs and neuronal firing rates (Ibata et al. 2008; Joseph and Turrigiano 2017). 
More recently, the gamma isoform of CaMKII has been shown to be able to trans-
locate from synapses to the nucleus, further contributing to activity-related CREB 
phosphorylation (Ma et al. 2014).

All the above-cited signaling cascades are linked to neuronal firing by their sen-
sitivity to Ca2+ transients (i.e., they are sensitive to pulses of intracellular Ca2+ 
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concentration). The sudden and transient pulse in cytoplasmic Ca2+ concentration 
upon neuronal firing originates from multiple sources: (i) at the synaptic level, Ca2+-
permeable glutamate receptors such as NMDAR and GluR1/4-containing AMPA 
receptors; (ii) upon depolarization, voltage-dependent Ca2+ channels (VDCC) are 
open; (iii) Ca2+ is released by endoplasmic reticulum stores when DAG/InsP3 sig-
naling is activated either by Ca2+ influx itself either by Gq-coupled GPCR as well as 
through Ca2+ -dependent Ca2+ release from mitochondria and the endoplasmic 
reticulum.

These Ca2+ ions are then bound to the Calcium-binding protein Calmodulin 
(Clapham 2007) which is then responsible for the activation of the neuronal iso-
forms of the cAMP-generating adenylyl cyclases (triggering PKA activation; Wang 
and Storm 2003) as well as of the Ca2+/Calmodulin-dependent Ras-guanine-
nucleotide-releasing factor, e.g. RasGRF1 and 2 (Krapivinsky et al. 2003), which 
leaves to MEK/ERK activation and, finally, to the activation of CaMKIV and 
CaMKII (Bito et al. 1996; Soderling 1999). It is currently object of investigation if 
the disturbance in pCREB levels in motoneurons observed in the SOD1(G93A) 
model of ALS results from the disturbances in the initiation of the signaling cas-
cades (e.g., at the synaptic level or in the Ca2+ dynamics) or in downstream events 
(kinase activation).

5 � Conclusion

Vulnerability of motoneurons in neurodegenerative diseases such as Amyotrophic 
Lateral Sclerosis depend on the physiological type of their motor unit. Here we sug-
gest that reduced motoneuron firing and dysregulation of activity-dependent tran-
scriptional programs induce this type-specific motoneuron vulnerability by altering 
crucial cellular functions such as mitochondrial biogenesis, autophagy, axonal 
sprouting capability and re-innervation of neuromuscular junctions. Further research 
is needed to validate this new conceptual framework in ALS, which might pave the 
way for innovative therapeutic approaches.
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