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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

b Aff fibre 1

Aff fibre 2

Caudal —»

1 mm Dorsal <« »  Ventral

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 Ulthake 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 (LMC,,) and lateral (LMC))),
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.
y-motoneurons, which are about 30% of many pools, innervate the contractile com-
ponents of the sensory organs of muscles, muscle spindles (Granit 1975), whereas
a-motoneurons innervate extrafusal fibres responsible for force production. In addi-
tion, f-motoneurons innervate both spindles and extrafusal fibres. a-motoneurons
within a pool can be further sub-divided based on the muscle fibre type they inner-
vate (type I, or slow twitch, type Ila or fast twitch fatigue-resistant, type IIb and IIx,
fast twitch fatigable). An a-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 oa-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
Zieglginsberger 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.



Electrical Properties of Adult Mammalian Motoneurons 195

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 (Ry) 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:
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Fig. 2 Passive properties of an adult cat motoneuron. (a) Input resistance: Voltage response to
current injection in slow (), 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. (¢) 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 ¢) from Nelson and Lux (1970), Fig. 5d, 6
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R, =V/I (1

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 pm 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 Ry of
123 MQ for lumbar motoneurons in postnatal day (P)43+ slice preparations,
whereas Smith and Brownstone (2020) reported a mean Ry of 31 MQ 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 MQ (Zengel et al.
1985), mouse motoneurons in vivo range from 1 to 12 MQ (Meehan et al. 2010),
and motoneurons from the mature (>P15) mouse lumbar spinal cord in slices (patch
recordings) range from 2 to 200 MQ (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, T and input resistance, Ry:

t=R *C 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 t such that at time t,
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V=V, *e " 3)

where V) 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 T 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 T. When measuring T 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. 2¢). 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, R;, which in turn
depends on cross-sectional area of the process in which the current flows.

The length constant, A, is an indication of the decay of voltage along the length
of dendrite, such that
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V=V, xe* )

where x is the distance along the dendrite from the voltage change V,,. Thus, a volt-
age decays to 1/e (~37%) of its value at distance A. 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 A can be approximated by:

r=(r, /1)" 5)
or

r=[(R, /R,)(d/4)]" (6)

where 1,, is the resistance across a unit length of membrane (Q-cm), r; is the axial
resistance per unit length (€/cm), R,, is the membrane resistivity (resistance across
a unit area of membrane, Q-cm?), R; is the intracellular resistivity (Q/cm), and d is
the diameter of the dendrite (cm).

While it is thus difficult to measure A, 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 ({) 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 T (1, or t,) would
reflect the membrane time constant, and the next slowest, t;, and others (t, and
theoretically beyond) the time constant of the cable(s), reflecting the equalisation of
voltage through the neuron. The ratio of ty/t; 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/e'?) 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:

MOV /x> -V —10V /0t=0 (8)
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The time constant T influences temporal summation, and the length constant A 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
(I,) 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 I; 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 I, 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 I, a calcium current carried by low
voltage-activated Ca®* (Cay3) 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 Ry. Thus, smaller S-type motoneurons with higher Ry have lower rheo-
base currents than the larger, lower Ry 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
1S 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, Nay1.6 which is expressed throughout the IS,
and Nay 1.1 expressed at the axon hillock (Duflocq et al. 2008, 2011). A variety of
potassium channels (Ky7.2, Ky1.1, Ky1.2 and Kyp2) 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 (fAHP) 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 fAHP 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 (Krnjevi¢ et al. 1978; Nelson and
Burke 1967).

Afterdepolarisation

Motoneuron action potentials may have a short depolarisation phase immediately
following the fAHP, called the afterdepolarisation (ADP; Granit et al. 1963b;
Kernell 1964). The ADP is thought to be dependent upon voltage-gated Ca’* chan-
nels as it can be blocked by cadmium and enhanced by increasing extracellular Ca**
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 Krnjevi¢ 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 Cay2 (N and P/Q type Ca’") 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 Ca®* stores in the subsurface cisternae (see below), it is possible
that local intracellular Ca* 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 f-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



204 C. C. Smith and R. M. Brownstone

and Matthews 1938), with a positive relationship between the frequency of output
and the magnitude of current input. This frequency-current (f-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 f-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 f-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 f-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 f-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.



Electrical Properties of Adult Mammalian Motoneurons 205

a b
—_ 250
£ 200
— . 150
- Tertiary 100
&) 50
c
[}
S Secondary, 0
o
o .
= Prima
o
= .
= .
L .
- Sub-primary
Current input (1) Teecond
P
c I I - d
o -
: i T
SP- s5mv I 4 4 4
-64mV -
SPR
smV |
-64mV -
PR

5s

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. (¢) from Manuel et al. (2009), Fig. 8b1. (d) from Iglesias et al.
(2011), Fig. 1bl

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 (f;,
blue), subsequent exponential decline (f,, green) and slow decline (f}, 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. (¢) 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
Sjoholm 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. (¢) from Ito and Oshima
(1962), Fig. la—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
a-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 VOc 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.

VOc 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 VOc interneurons at C-bouton terminals binds to type
2 muscarinic acetylcholine receptors (M2Rs), which form dense aggregations span-
ning the apposing postsynaptic membrane (Hellstrom 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 (Hellstrom
et al. 2003), SK2, SK3 (Deardorff et al. 2013) and Ky2.1 potassium channels
(Muennich and Fyffe 2004), Sigmal receptors (Mavlyutov et al. 2010), neuregu-
lin-1 (Gallart-Palau et al. 2014), and TMEMI16F (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 a- but not y-motoneurons (Lagerbéck
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 Krnjevi¢ 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 Ky2.1 potassium channels,
and the chloride channel TMEM 16F. Note that all channels post-synaptic to C boutons are calcium-
dependent. Ky2.1 cycles between 2 states. During low activity, where intracellular Ca** is low,
Ky2.1 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 Ca*, Ky2.1 is
dephosphorylated and declustered, lowering its activation threshold and increasing K* conduc-
tance. SK2/3 and TMEMIG6F are activated by Ca®* during high activity states. Just below the cell
surface are the sub-surface cisterns (SSC), which are Ca** 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
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Activation of M2Rs using pharmacological agonists in neonatal mouse spinal cord
preparations reduces the mAHP, suggesting that the increase in f-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
Cay2-type Ca* 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.

Ky2.1 Channels

Ky2 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, Ky2.1 and Ky2.2, that share many
electrical properties. Likely due to a cloning artefact (see Kihira et al. 2010), K2.2
was initially thought to be restricted to distal dendritic compartments (Hwang et al.
1993), leaving Ky2.1 as the more studied isoform (Johnson et al. 2019).

In motoneurons, large clusters of Ky2.1 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 Ky2.1 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, Ky2.1 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, Ky2.1 contributes to repetitive firing
in all neuronal types studied, including motoneurons. All studies assessing Ky2.1
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 K2.1
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 Ky2.1 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 Ky2.1 channels is that their state of clustering is depen-
dent upon phosphorylation, which is regulated by Ca*"/calcineurin dependent sig-
nalling mechanisms (Misonou et al. 2005a). In their clustered state, Ky2.1 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 Ky2.1
channels, which increases their conductance by reducing activation threshold. One
theory for Ky2.1 function in motoneurons is that C-boutons may act to inhibit local
calcium activity, thus maintaining Ky2.1 clustering and maintaining basal rates of



212 C. C. Smith and R. M. Brownstone

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 Ky2.1 channels, thereby reducing
their activation threshold and thus homeostatically reduce firing frequency (Romer
et al. 2019). However, we do not yet fully appreciate how Ky2.1 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 (TMEMI16F) was found to be responsible for a Ca*
activated CI~ 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
(Modol-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 Ky2.1 p-subunit KCNG4 whereas slow motoneu-
rons do not (Miiller 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 Ca** is a key player in C-bouton function. To date, four Ca**-dependent ion chan-
nels (SK2, SK3, Ky2.1, and TMEM16F) have been identified, and SSC Ca** stores
are located in close proximity. Future work aimed at characterising local Ca* 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 Cayl
(likely Cay1.3) channels (Perrier and Hounsgaard 2003; Hounsgaard and Kiehn
1985, 1993; Carlin et al. 2000). It was later demonstrated that persistent sodium
currents (INaP; likely Navl.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 (SHT; Conway et al. 1988; Hounsgaard
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et al. 1988a; Alvarez et al. 1998), and the locus coeruleus for noradrenalin (NA;
Bjorklund 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

<
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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 Cayl channels. (¢) 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 fop 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. /-3 indicate major PIC phases. (f) f-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 ¢) 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 f-I curve (/. 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 f-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 f-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 Ca®* channel activity,
is seen even in neonatal motoneurons in which L-type Ca’" 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, Ky1.2 (Bos et al. 2018). Ky1.2 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. 8al). In considering synaptic integration, fast motoneurons
would thus be oblivious to low amplitude, near threshold inputs unless they were
prolonged. Ky1.2 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—cl).
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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 Ky1.2
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 (Biidingen 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.

<
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Fig 8 (continued) frequency over time. (al) 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 (¢1), 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-
giestoreduce 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 f-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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