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Abstract

The excitability of spinal motoneurons is both fundamental for motor behavior and essential in
diagnosis of neural disorders. There are two mechanisms for altering this excitability. The classic
mechanism is mediated by synaptic inputs that depolarize or hyperpolarize motoneurons by
generating postsynaptic potentials. This “ionotropic” mechanism works via neurotransmitters that
open ion channels in the cell membrane. In the second mechanism, neurotransmitters bind to
receptors that activate intracellular signaling pathways. These pathways modulate the properties of
the voltage sensitive channels that determine the intrinsic input-output properties of motoneurons.
This “neuromodulatory” mechanism usually does not directly activate motoneurons but instead
dramatically alters the neuron’s response to ionotropic inputs. We present extensive evidence that
neuromodulatory inputs exert a much more powerful effect on motoneuron excitability than
ionotropic inputs. The most potent neuromodulators are probably serotonin and norepinephrine,
which are released by axons originating in the brainstem and can increase motoneuron excitability
5-fold or more. Thus, the standard tests of motoneuron excitability (H-reflexes, tendon-taps,
tendon vibration and stretch reflexes) are strongly influenced by the level of neuromodulatory
input to motoneurons. This insight is likely to be profoundly important for clinical diagnosis and
treatment.
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Introduction

Motoneurons are unique in the CNS, being the only cells whose firing patterns can be
readily recorded in human subjects. These recordings are possible because motoneurons
normally drive the muscle fibers that they innervate in a one to one fashion (Burke, 1981;
Kernell, 2006). Thus the action potentials in the muscle fibers of the motor unit reveal the
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firing patterns of the motoneurons. The motoneuron produces its firing pattern by converting
its synaptic input into action potentials. This conversion of input to output is determined by
the intrinsic electrical properties of motoneurons, which are specified by the voltage
sensitive conductances determining the cell’s threshold and firing behaviors (Kernell, 2006).
If these intrinsic electrical properties were constant in all motor behaviors, then all variations
in motor unit firing patterns could be ascribed to variations in synaptic input, i.e. to
differences in synaptic connectivity. A primary goal of this review is to convince the reader
that studies over the past 20 years in animal preparations force us to abandon this simplistic
view and acknowledge that the intrinsic electrical properties of motoneurons, including their
basic mechanisms of synaptic integration, may differ depending on the motor behavior.
Initially, this type of variation may seem unlikely. It is easy to imagine that the synaptic
inputs onto spinal motoneurons from the corticospinal system might differ from the synaptic
inputs onto motoneurons from the vestibulospinal system and hence, that motor unit firing
patterns during volition and posture might differ. How would the intrinsic electrical
properties change in different motor behaviors? The classic view of motoneurons is that
when the sum of synaptic inputs exceeds the motoneuron’s threshold for firing, action
potential are generated at a rate in proportion to input amplitude. Unfortunately, this view
ignores a whole class of inputs to motoneurons, the neuromodulatory system.

The neuromodulatory system can be best be appreciated by defining its fundamental
differences from the classic input system, which is now often referred to as the “ionotropic”
system because it operates by opening ion channels. A standard example of an ionotropic
input is that evoked by the tendon tap, which is applied to the patellar tendon to briefly
excite muscle spindle la afferents. These afferents then generate a transient release of the
neurotransmitter glutamate at synapses on motoneurons, which bind to receptors that open
ion channels and produce a brief but rapid depolarization in the motoneuron (the excitatory
postsynaptic potential, or EPSP). In contrast, a neuromodulatory neurotransmitter binds to a
different kind of receptor, one that does not open an ion channel but instead activates an
intracellular signaling pathway involving multiple steps. Consider for example the
neurotransmitter serotonin (5HT), a major focus of this review and a fundamentally
important neuromodulator throughout the CNS. When 5HT binds to one of its receptors, a
cascade of intracellular events is initiated. The end result of this cascade is often
modification of the properties of voltage-sensitive ion channels and subsequent enhanced
intrinsic electrical excitation of the target neuron. Note that the neuromodulatory input
usually does not activate the neuron to produce an output - instead the neuromodulatory
input changes the response of the neuron to subsequent ionotropic inputs.

Although an additional type of control system for motoneuron excitability might be viewed
as an unnecessary complexity, it is possible that the goal of the neuromodulatory system is to
“optimize” motoneuron properties to match different motor behaviors. Moreover,
considerable data now emerging suggests that that the distortions in motor unit firing
patterns in spinal injury and, perhaps, cerebral stroke are due to disruptions in the
neuromodulatory control system (see below). It is also possible that disruptions in the
excitability control system are important in the degeneration of motoneurons in amyotrophic
lateral sclerosis (ALS). This insight is important from a clinical perspective, because the
receptors that bind neuromodulators can be targeted by a wide range of pharmacological

Clin Neurophysiol. Author manuscript; available in PMC 2020 June 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckman et al.

Page 3

agents (Gawrylewski, 2008). The neuromodulatory systems thus potentially provide a basis
for novel and highly effective therapeutic strategies for motor disorders.

A number of excellent reviews on neuromodulation of the spinal cord are available (Rekling
et al., 2000; Schmidt and Jordan, 2000; Alaburda et al., 2002; Hornby et al., 2002; Heckman
et al., 2003; Hultborn et al., 2004; Heckman et al., 2005; Toledo-Rodriguez et al., 2005;
Lopez-Garcia, 2006; Heckman et al., 2008a; Heckman et al., 2008b). The monograph by
Kernell (2006) provides an outstanding in depth consideration of motoneurons and muscle
fibers.

Determinants of motoneuron excitability

Basic differences in ionotropic vs neuromodulatory effects

As noted in the Introduction, the excitability of a motoneuron was classically viewed as
being determined by its relative level of ionotropic input from supraspinal centers or sensory
receptors (Burke, 1981; Henneman and Mendell, 1981). lonotropic inputs generate synaptic
currents by releasing neurotransmitters that bind to postsynaptic ligand-gated channels that
open pores to allow ions to enter or exit the cell. Depending on the neurotransmitter, the
result can be either depolarization or hyperpolarization of the cells - i.e. ionotropic inputs
generate the well-known excitatory postsynaptic potentials (EPSPs) and inhibitory
postsynaptic potentials (IPSPs) (Powers and Binder 2001). The classic neurotransmitters are
glutamate (excitatory), glycine (inhibitory) and GABA (inhibitory).

Yet motoneurons are also densely innervated by neuromodulatory inputs. Much of our initial
understanding of neuromodulatory effects came from studies in invertebrates (Nusbaum and
Beenhakker, 2002; Marder and Bucher, 2007). Neuromodulatory receptors are not coupled
directly to ion channels but instead to receptors linked to G-proteins, which then initiate
intracellular signaling cascades (Hille 2001). (We focus here on neuromodulatory effects on
voltage-sensitive channels. Neuromodulators can also alter the behavior of the ionotropic
receptors; this effect has yet to be detected in motoneurons but requires further study).
Various terms have been used for these types of inputs: neuromodulatory (because neuron
properties are altered or “modulated”), G-protein coupled (because virtually all
neuromodulatory inputs act via G-protein coupled receptors), metabotropic (because the
intracellular cascades can be considered part of the neurons “metabolism™), and slow
synaptic transmission (because the intracellular cascades are slower than opening of ion
channels, which are called “fast synaptic transmission”). Essentially all these terms are
equivalent and in this review we will use the term “neuromodulation”. One potentially
confusing point is that almost all neurotransmitters can have both ionotropic and
neuromodulatory effects because they influence neurons via more than one subtype of
receptor (more on this below). For example, 5HT acts via 7 different receptor subclasses, 6
of which are neuromodulatory and 1 ionotropic (Nichols and Nichols, 2008). Glutamate, the
transmitter for the classic EPSP, works via 6 basic types of receptor subtypes, of which only
3 are ionotropic and 3 neuromodulatory (Rekling et al., 2000). Motoneurons have receptors
for 5HT and norepinephrine (NE) that tend to cause increases in intrinsic excitability,
whereas interneurons in the dorsal horn have SHT and NE receptors that tend to decrease
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intrinsic excitability. It should also be emphasized that neuromodulators can have
presynaptic inhibitory effects.

Neuromodulation is but one example of a host of effects of G-protein coupled receptors
throughout the body. The importance of this system for physiology can hardly be overstated:
basic functions controlled by G-protein coupled receptors include many hormonally
controlled processes, including cardiac function, glucose metabolism, pituitary function,
steroid production, and embryonic development (Neves et al., 2002).The genes encoding G-
protein coupled receptors constitute the largest single family in the human genome and it has
been estimated that nearly half of the drugs currently in therapeutic use target these receptors
(Gawrylewski, 2008). In the following paragraphs, we consider how neuromodulatory and
ionotropic inputs compare in altering the excitability of motoneurons.

Basic parameters that control excitability of a motoneuron pool

Consider the two fundamental parameters of motor output, recruitment and rate modulation.
A motoneuron’s recruitment threshold is assessed in comparison to other cells in the same
motor pool (defined as the set of motoneurons innervating a single muscle). Recruitment
threshold of a motoneuron is defined by two factors: 1) its relative share of the synaptic
input (a motoneuron that receives a larger synaptic input will tend to be recruited before
cells with smaller inputs) and 2) its intrinsic threshold (cells that have lower thresholds
require less input to generate action potentials and be recruited) (Heckman and Binder,
1993b). The range of intrinsic thresholds is large, about 10-fold. Using the example of cat
medial gastrocnemius motoneurons, the threshold range is from about 3 nA to more than 30
nA (Heckman and Binder, 1991). Most of this 10-fold range is due to differences in input
resistance, as action potential voltage thresholds are similar across the pool (Gustafsson and
Pinter, 1984). These threshold differences constitute the heart of Henneman’s size principle,
because low threshold motoneurons tend to innervate slow twitch, low force but highly
fatigue resistant muscle units (Henneman and Mendell, 1981). Progressively higher
threshold units innervate progressively faster, stronger and more fatigable muscle units. In
this review, we use Burke’s terminology for the resulting differences in motor unit type: S
(slow), FR (fast, fatigue resistant) and FF (fast, fatigable) (Burke, 1981). The wide range of
intrinsic threshold dominates the recruitment process, as it is unlikely that the summed
ionotropic synaptic input to the pool generates 10-fold larger currents in high threshold units
than low threshold units (Heckman and Binder, 1993b; Powers and Binder, 2001).
Neuromodulatory inputs such can markedly alter motoneuron intrinsic thresholds. These
threshold effects of neuromodulatory inputs on recruitment has not yet been carefully
studied, but appear to be about equal on the electrical properties of S, FR and FF
motoneurons (Lee and Heckman 1998 a,b and unpublished data). Thus, Henneman’s size
principle (S before FR before FF) prevails in a wide range of movements.

Rate modulation, at first glance, may seem to be simpler than recruitment. Once a
motoneuron reaches threshold, it generates action potentials at a rate roughly proportional to
input amplitude (Kernell, 2006), as illustrated in Figure 1. This current-to-frequency gain is
much more uniform across motoneurons in a pool, exhibiting not more that a 2-fold
difference (Kernell, 2006). Yet, when considering motor unit firing patterns, the relative
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slopes of plots of motor unit firing rates versus time, force or each other (rate-rate plots)
depend on their relative distribution of input across the pool, just as do recruitment
thresholds. Motoneurons receiving a higher proportion of the synaptic input would not only
tend to be recruited earlier but also tend to have high slopes in rate versus time or force and
in rate-rate plots (Heckman and Binder, 1993a, b). The effects of neuromodulation on rate
modulation are very strong because it impacts the very voltage sensitive conductances that
generate spikes and acts to boost synaptic input (see below).

lonotropic control of excitability of the motoneuron and the motor pool

lonotropic descending and reflex inputs

Consider the net excitability of an entire motor pool. lonotropic inputs have two interrelated
effects on excitability, based on bringing the pool closer to threshold for recruitment and on
the relative distribution of synaptic input between S, FR and FF motor units (Heckman,
1994). If the pool is quiescent, then steady activation bias that just brings the lowest
threshold motoneurons right up to threshold will increase the effect of an additional input
(e.g. suppose a steady vestibulospinal input is active, bringing the S units just up to
threshold; a subsequent tendon tap will generate a larger reflex than when there is no
vestibulospinal bias). This bias action continues to be effective at higher input levels. For
example, with a bias sufficient to recruit a substantial portion of the pool, the recruitment of
progressively larger motor units due to Henneman’s size principle gives a larger reflex force
increment for a given input amplitude. Both modeling studies (Fuglevand et al., 1993;
Heckman, 1994) and reflex experiments in human subjects (see Cathers et al., 2004 for a
review) indicate that this “recruitment nonlinearity” mechanism is effective only up to about
30 to 50% of maximum voluntary force, as most of recruitment is complete by this level and
those motor units still remaining un-recruited have progressively wider spacing between
their thresholds.

Implicitly assumed in the previous paragraphs is that synaptic input to the pool is distributed
uniformly among S, FR, and FF motoneurons. But non-uniform distributions of synaptic
input between motor unit types provide the second potential effect of ionotropic input on
excitability of the motor pool. As for the recruitment nonlinearity discussed above, this
effect again depends on the size principle. If an input system tends lowers the threshold of
the large FF units relative to the small S units, then this input will tend to generate more
force for a given average activation level than an input which increases thresholds of FF
units relative to S units.

Systematic studies of steady synaptic currents generated by a variety of sensory and
descending systems by Binder, Powers and colleagues (Heckman and Binder, 1988; Powers
and Binder, 2001) show that most inputs are in indeed non-uniform in their distribution
among S, FR and FF motoneurons. In considering the relative strength of input on different
motoneurons, these studies by Binder and colleagues relied on measurements of effective
synaptic currents (ly’s) instead of EPSPs and IPSPs. Iy is the net current generated at the
soma by a synaptic input system. A steady EPSP is the product of Iy times the input
resistance of the cell. Because input resistance varies more than 10-fold in motoneurons, a
system that generates equal Iy in all cells would generate much larger EPSPs in FF than S
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motoneurons. Iy thus more accurately reflects the organization of synaptic input. It should
also be emphasized that equal distribution of Iy strongly favors the normal, size principle
recruitment sequence, because the amount of synaptic current required to reach spiking
threshold in S units is much smaller than in FF units - largely because of the 10-fold range in
input resistances (see Powers and Binder 2001 for a thorough review of these issues).

Rubrospinal and multisynaptic corticospinal inputs are much stronger in FF than S units, in
fact tending to inhibit the S units. Vestibulospinal input is moderately larger in FF than S
whereas la afferent input is moderately larger in S than FF. Synaptic currents from
monosynaptic corticospinal inputs have not been measured yet, but measurements of EPSPs
suggests an approximately equal distribution in S and FF motoneurons, so that effects of
corticospinal input may be neutral with respect to recruitment (note: the EPSP is not a direct
measure of current input because it is strongly influenced by input resistance, being
proportional to current times resistance). Simulations based solely on recruitment at
maximum rates suggest that inputs like the rubrospinal system could induce strong changes
in gain (Kernell and Hultborn, 1990). Realistic consideration of rate modulation however
suggests that gain increases of only about 20-40% are possible by these ionotropic
mechanisms, assuming that recruitment of FF units is not so altered as to violate the size
principle (Cope and Clark, 1991; Heckman and Binder, 1993b) (see Fig. 5 below). It is
acknowledged that the relative potency of rubrospinal, corticospinal and vestibulospinal
inputs on the different types of motor units described above are derived from data obtained
using electrical stimulation. It is possible that these features change during the functional
activation of these descending systems, that is, while the subject is performing a specific
motor task, however, this issue is difficult to examine with presently available techniques.

Effects of presynaptic inhibition on motoneuron excitability

Presynaptic inhibition plays a major role in adjusting inputs among spinal circuits
(Rudomin, 2002) and thus can also control motoneuron excitability. Presynaptic inhibition
acts via synapses on presynaptic terminals (Rudomin, 2002) and can be mediated by either
ionotropic or neuromodulatory actions on these terminals. lonotropic effects are exerted by
GABA but GABA can also have neuromodulatory presynaptic actions as can both 5HT and
NE (Jankowska, 1992) (and see below). As yet presynaptic inhibition, whether mediated by
ionotropic or neuromodulatory mechanisms, seems to be directly solely onto ionotropic
inputs, though evidence of presynaptic inhibition of neuromodulatory inputs may emerge.
Thus, for the present, the effects of presynaptic inhibition on motoneuron excitability should
be considered an extension of ionotropic effects discussed above. It is important to note that
the same last order GABAergic interneurons can make both pre- and postsynaptic contacts
(Jankowska, 1992). Thus it may be difficult to separate pre- and postsynaptic actions within
this system.

Effects of brainstem neuromodulatory systems on spinal neurons

Basic features of descending monoaminergic systems

Both 5HT and NE are monoamines and both have many similar effects on spinal neurons, so
we discuss them together. The projection of the 5SHT and NE systems to the spinal cord is
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diffuse, with individual axons giving off branches at multiple levels of the cord. There is
substantial specificity in terms of effects dorsally versus ventrally: axons innervating the
dorsal horn travel dorsolaterally in the superficial white matter while the ventral innervation
to motoneurons is ventrolateral and ventromedial in the superficial white matter (Holstege
and Kuypers, 1987). For specificity of action, the most important point is the existence of
multiple receptor subtypes for both of these monoaminergic neuromodulatory systems
(Bylund et al., 1994; Hoyer et al., 2002). For 5HT there are 7 subclasses and 14 basic
subtypes. For NE there are two basic subclasses (alpha and beta) and several subtypes
(Bylund et al., 1994). Generally speaking, the subtypes coupled to the Gq class of G-
proteins tend to have facilitatory effects on their target neurons (e.g. the 5SHT2 and NE
alphal receptors on motoneurons), whereas those coupled to the Gi/o system exhibit
inhibitory effects (i.e. the 5SHT1 and NE alpha2 receptors in the dorsal horn of the spinal
cord) (Hochman et al., 2001). It should also be emphasized that even within a receptor
subclass, (e.g. SHT2C receptors), post-transcriptional editing can take place to induce
significant changes in receptor behavior (Nichols and Nichols, 2008). These effects are as
yet far from fully understood yet may eventually have important implications for how
receptor systems adapt to injury and disease. The most important point is that the effects of
5HT and NE on spinal neurons vary, depending on the receptor subtypes at the target
neuron.

Differences in monoaminergic actions in dorsal, intermediate and ventral spinal cord

Speaking very broadly, there is an overall gradient of effects of the monoamines 5HT and
NE from dorsal to ventral on spinal neurons. In the dorsal horn, inhibition of high threshold
afferent input prevails (Garraway and Hochman, 2001b, a; Lu and Perl, 2007). This
inhibition is probably presynaptic and is linked to suppression of pain pathways (Jankowska,
1992; Garraway and Hochman, 2001a). For the motor system, both 5SHT and NE strongly
suppress the flexion (withdrawal) reflex (Jankowska, 1992). In contrast, as described in this
review, in the ventral horn the intrinsic properties of motoneurons are strongly facilitated by
both 5HT and NE. In the intermediate portion of the cord, the interneurons that process low
threshold afferent inputs, especially the proprioceptive inputs mediated by muscle spindle la
and Il afferents and Golgi tendon organ b afferents, are intermediate in terms of the effects
of 5HT and NE. Group | pathways (both la and Ib) largely undergo facilitation (Jankowska
et al., 2000; Hammar and Jankowska, 2003), but this facilitation does not appear to be as
strong as in motoneurons. The excitatory effects of 5SHT and NE on most ventral
interneurons are modest (Theiss and Heckman, 2005). Moreover, after spinalization
eliminates the brainstem 5HT and NE projections to the cord along with all other descending
inputs, there is a profound drop in intrinsic excitability of motoneurons (Hounsgaard et al.,
1988; Miller et al., 1996) but changes in reciprocal inhibition mediated by la inhibitory
interneurons are small (Hyngstrom et al., 2008).Group Il pathways are subject to mixed
effects, with excitation for some components of these pathways and inhibition for others
(Jankowska et al., 2002).Thus, overall effects of SHT and NE progress along the dorsal-
ventral gradient from strongly inhibitory to mixed to strongly excitatory.

There are exceptions to the generalizations described above. For example, neurons in the
dorsal horn undergo an increase in intrinsic excitability while at the same time their afferent
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input undergoes presynaptic inhibition (Garraway and Hochman, 2001a). Nonetheless, from
a motor perspective, the above dorsal-ventral generalization is a reasonable approximation.
For motor reflexes, it is clear that the flexion reflex is inhibited by 5SHT1 and NE alpha 2
receptors (Jankowska, 1992; Miller et al., 1995), that proprioceptive input from group I is
slightly facilitated by 5H2 and NE alpha 1 receptors (Jankowska et al., 2000; Hammar and
Jankowska, 2003), while motoneurons are profoundly excited by 5HT2 and NE alpha 1
receptors (see below). The interneurons involved in the genesis of locomotor patterns may
be an exception to this generalization (see next section). These interneurons appear to be
mainly facilitated by SHT and NE, but their distribution along the dorsal-ventral gradient has
not been fully investigated (next section).

Multiple neuromodulators affect motoneuron excitability but monoamines are the most
powerful

As emphasized above, the neuromodulatory system that we focus on is the monoaminergic
system, especially the axons releasing the monoamines 5-HT and NE. Admittedly, there are
many other neuromodulators, many of which have not been systematically tested on
motoneurons. Yet among those neuromodulators that have been tested, including peptides
such as thyroid releasing hormone, substance P and amines such as acetylcholine and
dopamine (Rekling et al., 2000; Powers and Binder, 2001), it appears that 5SHT and NE have
the most powerful effects on spinal motoneurons (this may not be true of phrenic and
brainstem motoneurons; see (Rekling et al., 2000)). Axons that release SHT or NE (the two
systems are separate) originate in the brainstem (caudal raphe nucleus for 5HT and locus
coeruleus and associated structures for NE) (Bowker et al., 1982; Holstege and Kuypers,
1987; Hochman et al., 2001). The detailed effects of brainstem monoaminergic systems on
motoneurons are discussed in the next section, but first we briefly consider three other
potential sources of neuromodulatory input to motoneurons.

Do sensory inputs have neuromodulatory effects?

The systematic studies of input onto motoneurons from la afferents show no sign of
anything but ionotropic actions - for example, both transient and steady la EPSPs reduce in
amplitude as membrane potential is depolarized when there is no significant output from
brainstem neuromodulatory systems (e.g. Lee and Heckman, 1998a). A possible exception
to lack of neuromodulatory input from sensory afferents is the excitation of flexor
motoneurons by flexion reflex afferents, which exhibit voltage dependent amplification
(Brownstone et al., 1994), perhaps due to activation of NMDA receptors (an ionotropic
receptor that uniquely allows increased current with depolarization) or activation of as yet
unknown neuromodulatory receptors.

Central pattern generators (CPGs)

From the initiation of locomotion in the mesencephalic locomotor region (MLR) to its
execution by skeletal muscles driven by spinal locomotor central pattern generators (CPGs),
locomotor activity depends on neuromodulatory systems for the appropriate excitation and
patterning (Grillner et al., 2008). As for other types of movements, ionotropic actions are
also necessary for locomaotion (Jordan et al., 2008). Nonetheless it is clear that both 5HT and
NE can initiate locomotion /n vitro, where the cord is disconnected from descending and
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sensory inputs. Thus both systems can be considered to be strongly facilitory for the
locomotor CPG (Schmidt and Jordan, 2000). The mechanism of these neuromodulatory
actions is not yet clear and may perhaps be due to a generalized increase in excitability
among the interneurons involved in the CPG. Nonetheless, as for motoneurons, the source of
these monoaminergic effects is the brainstem and the parallel excitatory actions on the CPG
and motoneurons undoubtedly increase net locomotor output. It should be emphasized
however that the brainstem 5HT system is organized into multiple nuclei and that different
nuclei probably mediate the effects on CPG interneurons and on motoneurons (Hochman et
al., 2001).

The effects of monoamines on excitability of motoneurons and the motor

pool

The effects of 5SHT and NE on motoneuron excitability are multiple (Rekling et al., 2000;
Krawitz et al., 2001; Powers and Binder, 2001), but their impact on PICs in motoneurons is
especially potent and is the primary focus of this review. We do not however neglect other
important actions: spike hyperpolarization, subthreshold depolarization and a reduction in
the afterhyperpolarization (AHP) that follows each action potential.

Receptor subtypes for monoaminergic actions on motoneurons

As emphasized above, both 5SHT and NE operate via multiple subtypes. Each type of neuron
can have more than one subtype. For motoneurons, it is now clear that 5SHT2 and NE alphal
receptors facilitate PICs very strongly (Lee and Heckman, 1999a; Perrier and Hounsgaard,
2003; Harvey et al., 2006a)(see below for details). SHT and NE also markedly depolarize the
resting membrane potential but this is probably via a different receptor subtypes, perhaps
5HT6 or 7 (Harvey et al., 2006a). Motoneurons may also have 5HT1 receptors that have
inhibitory actions but these are probably confined to the initial segment and may only be
activated at high levels of 5HT input, perhaps serving as a brake for excessive excitability
(Perrier and Cotel, 2008). Overall, the net impact of both brainstem 5HT and NE inputs on
motoneuron is to greatly enhance their intrinsic excitability.

Properties of PICs

The classic studies of PICs focused on the striking phenomenon of “bistability”, in which a
short pulse of excitatory input can produce self-sustained firing, which then can be
terminated by a short pulse of inhibition (Schwindt and Crill, 1980b, a; Hounsgaard et al.,
1988). Self-sustained firing is likely a fundamental component in the maintenance of posture
(Hounsgaard et al., 1988; Lee and Heckman, 1998b). The dendrites of motoneurons are
densely covered with 5SHT-containing synaptic boutons (Alvarez et al., 1998) and studies
both /n vitro (Hounsgaard and Kiehn, 1993; Carlin et al., 2000) and /n7 vivo (Lee and
Heckman, 1996; Bennett et al., 1998) established that most of the PIC is of dendritic origin.
The PIC in mammals is generated primarily by two types of channels: L-type calcium
channels (CaV 1.3) and persistent Na channels (molecular subtype unknown) (Lee and
Heckman, 1999b; Li et al., 2004a). Thus there is a CaPIC and an NaPIC. Figure 2 illustrates
the basic nature of the CaPIC (the NaPIC is blocked): once turned on by the linearly rising
input current, the CaPIC stays on steadily until input falls well below the initial onset level.

Clin Neurophysiol. Author manuscript; available in PMC 2020 June 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckman et al.

Page 10

This “hysteresis” is an inherent consequence of the persistence of these currents: once
activated, the CaPIC adds a very large net current and thus requires a large decrease in input
to deactivate it. In addition, the CaV 1.3 channels have an inherent, still poorly understood,
tendency to remain open even when membrane potential is hyperpolarized to their activation
threshold (Moritz et al., 2007). This resistance to deactivation is a major feature of the
CaPIC. The NaPIC is more readily deactivated yet is still highly persistent as long as
membrane potential exceeds its voltage threshold. For the first few seconds of a PIC, the
NaPIC contributes about half of the total (Lee and Heckman, 1999b; Li et al., 2004a). After
that point, the NaPIC tends to decay while the CaPIC can persist for many seconds (Lee and
Heckman, 1999b; Li et al., 2007). An important related point is that the CaPIC is relatively
slow in both its activation and deactivation (Elbasiouny et al., 2006; Harvey et al., 2006a; Li
et al., 2007). In contrast, the NaPIC is very fast, as it is likely due to a subset of the channels
producing the action potential. Thus, the NaPIC may serve to amplify and prolong transient
synaptic inputs that would otherwise be too fast to activate the CaPIC (Jones and Lee, 2006).

PIC mediated amplification of synaptic input

The development of voltage clamp techniques in the decerebrate cat preparation (Lee and
Heckman, 2000) focused attention on a new aspect of dendritic PICs: their extremely potent
amplification of synaptic input (Lee and Heckman, 1996, 2000; Hultborn et al., 2003).
Figure 3 illustrates the effects of the PIC on excitatory synaptic input generated by tendon
vibration that selectively activate muscle spindle la afferents (data taken from a feline medial
gastrocnemius motoneuron). This monosynaptic input produces a synaptic current with a
crisp onset and offset - but only when the cell is clamped at a hyperpolarized potential
(upper trace; in voltage clamp, excitatory inputs generate downward currents). When the cell
is clamped at a depolarized potential, approximately equal to the level at which spiking
would occur in the unclamped state, the very same input generates a much larger net
synaptic current due to activation of the dendritic PIC (green vertical arrow; baseline
currents removed to allow traces to be superimposed). Equally important, the PIC continues
to be active once the excitatory synaptic reflex afferents, which exhibit voltage dependent
amplification (Brownstone et al., 1994), perhaps due to activation of NMDA receptors (an
ionotropic receptor that uniquely allows increased current with depolarization) or activation
of as yet unknown neuromodulatory receptors.

Central pattern generators (CPGs)

From the initiation of locomotion in the mesencephalic locomotor region (MLR) to its
execution by skeletal muscles driven by spinal locomotor central pattern generators (CPGs),
locomotor activity depends on neuromodulatory systems for the appropriate excitation and
patterning (Grillner et al., 2008). As for other types of movements, ionotropic actions are
also necessary for locomaotion (Jordan et al., 2008). Nonetheless it is clear that both 5SHT and
NE can initiate locomotion /n vitro, where the cord is disconnected from descending and
sensory inputs. Thus both systems can be considered to be strongly facilitory for the
locomotor CPG (Schmidt and Jordan, 2000). The mechanism of these neuromodulatory
actions is not yet clear and may perhaps be due to a generalized increase in excitability
among the interneurons involved in the CPG. Nonetheless, as for motoneurons, the source of
these monoaminergic effects is the brainstem and the parallel excitatory actions on the CPG
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and motoneurons undoubtedly increase net locomotor output. It should be emphasized
however that the brainstem 5HT system is organized into multiple nuclei and that different
nuclei probably mediate the effects on CPG interneurons and on motoneurons (Hochman et
al., 2001).

The effects of monoamines on excitability of motoneurons and the motor

pool

The effects of SHT and NE on motoneuron excitability are multiple (Rekling et al., 2000;
Krawitz et al., 2001; Powers and Binder, 2001), but their impact on PICs in motoneurons is
especially potent and is the primary focus of this review. We do not however neglect other
important actions: spike hyperpolarization, subthreshold depolarization and a reduction in
the afterhyperpolarization (AHP) that follows each action potential.

Receptor subtypes for monoaminergic actions on motoneurons

As emphasized above, both 5HT and NE operate via multiple subtypes. Each type of neuron
can have more than one subtype. For motoneurons, it is now clear that 5SHT2 and NE alphal
receptors facilitate PICs very strongly (Lee and Heckman, 1999a; Perrier and Hounsgaard,
2003; Harvey et al., 2006a)(see below for details). 5SHT and NE also markedly depolarize the
resting membrane potential but this is probably via a different receptor subtypes, perhaps
5HT6 or 7 (Harvey et al., 2006a). Motoneurons may also have 5HT1 receptors that have
inhibitory actions but these are probably confined to the initial segment and may only be
activated at high levels of 5SHT input, perhaps serving as a brake for excessive excitability
(Perrier and Cotel, 2008). Overall, the net impact of both brainstem 5HT and NE inputs on
motoneuron is to greatly enhance their intrinsic excitability.

Properties of PICs

The effects of the brainstem neuromodulatory systems on spinal circuits described in the
previous section provide a basis for defining their overall function in comparison to
ionotropic systems. A comparison of ionotropic la input from muscle spindles and
neuromodulatory SHT input from the brainstem provides a clear illustration of the
differences between these two systems. Both inputs are monosynaptic. If the la input is
activated when the 5HT input is absent, as in deeply anesthetized preparations or acute
spinal injury, there is no activation of the PIC for the simple reason that the PIC channels are
in a dis-facilitated unresponsive state (hence the lack of PIC amplification of la input in the
“low” monoaminergic state in Fig. 4). At the other extreme, if there is substantial steady
output from the SHT brainstem system to activate the 5SHT2 receptors that facilitate the PIC
but no ionotropic input, there is also no PIC activation. The 5SHT2 receptors just put the PIC
channels in a facilitated state but provide no depolarization to cause the membrane potential
to reach voltage threshold for these channels (Note: as noted above SHT does depolarize the
cell, but via a different set of receptors subtypes - perhaps 5HT6 or 7 (Harvey et al., 2006a).
The 5HT2 receptors do not cause the PIC channels to open, only membrane voltage changes
can do that). Thus, neuromodulatory inputs control the intrinsic excitability of the
motoneuron; they are unlikely to be the source of motor commands to recruit and de-recruit
motoneurons in the patterns needed for specific movements (Heckman et al., 2003).

Clin Neurophysiol. Author manuscript; available in PMC 2020 June 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckman et al.

Page 12

The sources of neuromodulatory input provide another key to understanding its functional
role. Kuypers and colleagues, who played a major role in establishing the anatomy of these
systems, emphasized the links between the SHT and NE systems and the “emotional”
systems of the brain (Bowker et al., 1982; Holstege and Kuypers, 1987).The locus coeruleus
and associated nuclei, which are the source of the axons containing NE in the spinal cord
and elsewhere in the brain, have long been known to play a fundamental role in attention and
arousal (Aston-Jones et al., 2001; Aston-Jones and Cohen, 2005). The 5HT system is
involved in many behaviors, including anxiety and appetite (Nichols and Nichols, 2008).
Thus Kuypers and Holstedge emphasized that “... the emotional brain can exert a powerful
influence on all regions of the spinal cord and may thus control both its sensory input and
motor output.”(Holstege and Kuypers, 1987). In contrast, Jacobs and colleagues have
emphasized the motor output effects of the SHT system (Jacobs and Fornal, 1993; Jacobs et
al., 2002). Their chronic recordings of putative serotonergic neurons in the caudal raphe
nuclei, which project to the spinal cord, revealed that these cells varied their firing rates in
proportion to speed of locomotion. A striking feature of these results is that most raphespinal
neurons exhibit tonic firing during locomotion instead of modulating in phase with the
locomotor cycle, suggesting a role in setting overall state instead of moment to moment
variations. Jacobs and colleagues proposed the hypothesis that primary function of the spinal
5HT system is to suppress sensory input and facilitate motor output (Jacobs and Fornal,
1993). Because the raphespinal neurons increase activity whenever motor output increases,
there is a substantial increase in 5HT in the cord during locomotion and this increase does
not require a high state of fear or arousal. The primary link to the “emotional brain”, i.e. to
arousal, is thus likely via the NE system. A final important point about both the 5SHT and NE
systems: activity in both is markedly reduced during sleep (Jacobs et al., 2002). For
example, in the studies of Jacobs and colleagues, raphespinal neurons firing rate dropped
dramatically during slow wave sleep and went to zero during rapid eye movement sleep.
Suppression during sleep is entirely consistent with the proposed roles for the SHT system in
motor behavior and the NE system in arousal. In addition, the raphespinal neurons play a
role in pain transmission and modulation (e.g. Hochman et al., 2001; Lu and Perl, 2007).

The question of just how much of normal motoneuron excitability is due to the brainstem
neuromodulatory system is difficult to answer directly. Nonetheless, several lines of
evidence indicate that this system is the dominant factor. As emphasized in the previous
section, the effects of 5SHT and NE on motoneurons are extremely potent, with increases in
gain of up to 5 fold or more coupled to substantial decreases in threshold for activation.
Moreover, the sum of maximal stimulation of multiple ionotropic inputs is rather modest: as
emphasized by Binder and colleagues, maximal stimulation of the corticospinal, rubrospinal,
vestibulospinal and la input systems would only generate about 20 to 30 nA of excitatory
input (the inhibitory component in the rubro- and corticospinal components is ignored in this
estimation) (Powers and Binder, 2001; Binder, 2002, 2003). This quantity is barely sufficient
to bring an average motoneuron innervating fast twitch muscle units to recruitment threshold
and would not produce significant rate modulation in these high threshold motoneurons. Or
consider posture: together the la and vestibulospinal systems generate a maximum total of
about 5-6 nA,; this is sufficient to only generate about 1 to 3% of maximum muscle force
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(Heckman and Binder, 1991), whereas 5 to 10% is needed for posture (Walmsley et al.,
1978).

An important additional point to consider is that application of both 5HT and NE result in
depolarization of the resting membrane potential of motoneurons by closing a resting K
channel and by depolarizing a mixed ion channel that generates the H current (Powers and
Binder, 2001). This depolarization can be very strong, as much as 5 to 10 mV and,
especially in high threshold motoneurons, may be important in lowering input levels needed
for recruitment. Coupled with the hyperpolarization of the spike threshold (Krawitz et al.,
2001; Fedirchuk and Dai, 2004; Gilmore and Fedirchuk, 2004), it is clear that the
monoaminergic systems potently affect recruitment thresholds. The PIC greatly affects the
pattern of rate modulation (see next section). In addition, both neuromodulators reduce the
action potential AHP, which will also increase the gain of conversion of current to firing rate
(Lindsay and Feldman, 1993; Lee and Heckman, 1999a) and this effect may be strong
during locomotion (Brownstone et al., 1992).

Figure 5 summarizes the impact of ionotropic and monoaminergic actions on the net input-
output function of a motor pool (the feline medial gastrocnemius). As technical limitations
preclude direct measurements of this overall function in either human or animal subjects,
this figure is based on computer simulations that synthesize the extensive data from animal
preparations (Heckman and Binder, 1991, 1993b). Note that the overall form is sigmoidal
(Heckman and Binder, 1991; Fuglevand et al., 1993), with the initial upwards curvature due
to recruitment of larger units, the linear midrange largely being due to rate modulation and
the slow approach to maximum due to the force limitations of the motor units. It is clear that
moderate and strong levels of monoamines induce an enormous increase in net pool
excitability (blue and green traces). As noted above, the maximum ionotropic effect that can
be achieved without inducing more than 10 to 20% recruitment reversals (see Cope and
Clark, 1991; Haftel et al., 2001) also increases gain (green trace), but not as much as the
neuromodulatory effects. Note also that monoaminergic effects are unlikely to affect
recruitment order, because they appear to be approximately equal in all motoneurons or,
perhaps, favor recruitment of S units (Lee and Heckman, 1998a, b). Thus it is clear that the
neuromodulatory effects of monoamines have a more potent effect on motoneuron
excitability than ionotropic actions. One might however argue that large mononaminergic
effects are confined to extreme states of intense motor output or extreme arousal (“fight or
flight™). Yet the proportional changes in raphespinal output with locomotion (Jacobs et al.,
2002) argue against this viewpoint, as does the need for monoaminergic input for even the
low levels of motor output required for posture (see above).

Flexible control of motoneuron excitability: essential role for reciprocal inhibition

Given the potent effect of SHT and NE on motoneuron gain and threshold and the clear
variation in monoaminergic output with increasing motor output and increasing arousal, it is
clear that this neuromodulatory system potentially provides the motor system with a highly
flexible control of motoneuron excitability. The degree to which this system is used to fine
tune motoneuron excitability remains an open question. It is possible that different types of
motor behavior would be best matched by different levels of motoneuron excitability. For
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example, movements requiring a high degree of precision might benefit from low
motoneuron gain, to minimize the effects of errors in descending motor command (Binder
and Stuart, 1981). Yet it is difficult to reconcile fine tuning of motoneuron gain for different
motor behaviors with the very diffuse nature of the descending 5SHT and NE axons. It thus
appears likely that specific increases in excitability to only the muscle used in a particular
task are not possible with this system (Holstege and Kuypers, 1987). Perhaps more
important, both agonist and antagonists will undergo increased excitability. Given the potent
effects of both 5HT and NE on motoneurons, high levels of activity in the brainstem
neuromodulatory system could force motor pools all over the body into highly excitable
state, forcing widespread co-contraction and actually limiting movement capacity.

This diffuse yet potent system for control of excitability appears to require an opposing
system - one that would readily deactivate PICs and be highly focused in its connections.
Recent studies have shown that the classic la reciprocal inhibitory system is well suited to
this role. It has long been known that synaptic inhibition, presumably of the ionotropic type,
can deactivate the PIC (Hounsgaard et al., 1988). It now turns out that classic reciprocal la
inhibition is especially effective for PIC deactivation (Heckman et al., 2008a). Because la
afferents fire in response to joint rotations, the effect of reciprocal inhibition on the PIC
potentially links motoneuron excitability to joint movements. In fact, we have shown that an
ankle rotation of only 20 degrees can reduce PIC amplitude by an average of 50%
(Hyngstrom et al., 2007). Overall, these results suggest that the control of motoneuron
intrinsic excitability is dominated by two opposing systems: a diffuse, descending
neuromodulatory input (i.e. 5HT, NE) and a local, focused inhibitory system (i.e. la
reciprocal inhibition). la reciprocal inhibition is in large part mediated by the
neurotransmitter glycine, which does not appear to act on G-protein coupled receptors and
thus is likely to be purely ionotropic. The mechanism of the potent action of la reciprocal
inhibition on the PIC is unclear - most of the PIC is dendritic, but it is generally thought that
most of the la reciprocal inhibitory synapses are close to the soma (Fyffe, 1991; Fyffe,
2001). Further study is required, via both simulations (e.g. Bui et al., 2008a, b) and
anatomical approaches.

Functionally however this interaction between a diffuse descending system and a specific
local system provides a very effective control of motoneuron intrinsic excitability. Overall
excitability of many muscles can be set to a high state and then reciprocal inhibition can be
used to “sculpt” this overall state into a specific movement pattern. It should be emphasized
that la inhibitory interneurons that mediate reciprocal inhibition receive strong inputs from
descending systems, including cortico-, rubro- and vestibulospinal inputs (Jankowska,
1992). Thus descending motor commands adjust the pattern of motoneuron excitability as
needed for any given movement. It is suggested below that disruption in this “voluntary”
control of reciprocal inhibition may play a major role in the movement deficits that occur in
stroke patients.

There are of course a number of other inhibitory systems in the spinal cord as well as
presynaptic inhibition. These too are likely important in opposing monoaminergic
facilitation of motoneuron excitability. Much further work on this issue is required. Perhaps
the most important starting point is to reconsider the role of Renshaw cells and recurrent
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inhibition (Hultborn et al., 1979; Alvarez and Fyffe, 2007), which has recently been shown
to provide potent deactivation of PICs (Hultborn et al., 2003; Bui et al., 2008a). Equally
important is the potent inhibition generated by noiciceptive inputs - even relatively low
threshold stimulation of a nerve with many flexion reflex afferents can completely suppress
the PIC in an extensor motoneuron (Kuo et al., 2003). In addition, the question of the
influence of GABADb receptors on motoneurons should be considered. These are inhibitory
neuromodulatory receptors that are widespread in the CNS (Charles et al., 2003).
Administration of baclofen, a GABAb agonist, has been shown to reduce PICs in vitro
(Svirskis and Hounsgaard, 1998; Li et al., 2004c). This effect however occurs at
substantially higher concentrations than its effect on EPSPs (Li et al., 2004c) and the relative
roles of GABAD pre and postsynaptic remain uncertain.

The recent study by Berg et al (2007) has emphasized the possibility of mixing excitation
and inhibition in activating motoneurons. If, as in the case of the scratch reflex in turtle
motoneurons in the Berg et al work, the inhibitory component is large, than motoneurons
can be activated while the PIC is suppressed. This type of combination of excitation and
inhibition may contribute to force fluctuations in fatigue (Mottram et al., 2005). An
alternative is to couple excitation and inhibition in a push-pull fashion, so that depolarization
is mediated by a combination of excitation and disinhibition. Recent studies in our lab
suggest this push-pull mode may provide a near ideal way of activating and de-activating
PI1Cs while preserving the ability of reciprocal inhibition to focus the effects of descending
neuromodulation on the intended motor pool (Johnson and Heckman, unpublished studies).

Measuring PICs in humans

If PICs are a major component of normal motoneuron excitability, then motor unit firing
patterns should exhibit behaviors consistent with PIC behaviors. Inferences about which
features of the human motor unit firing patterns are due to specific intrinsic properties or
synaptic inputs are necessarily indirect. Nonetheless, it is essential to be guided by the
intracellular results from animal preparations. For example, it is impossible to measure the
action potential afterhyperpolarization (AHP) directly in motor units - but no one doubts that
the AHP is a major determinant of human motor unit firing rates. The AHP in fact provides
a reasonable basis for comparison with the PIC: is there now sufficient evidence for the
PIC’s role in normal motor unit firing patterns that it can be, like the AHP, generally
accepted as a mechanism in human subjects? For the AHP, one particularly striking result is
that motoneuron firing is a relatively non-variable process. A wide range of studies in
humans and in animals show that spiking driven by synaptic input has a low co-efficient of
variation (mean firing rate/standard deviation of firing rate) - 0.2 or less (Fetz et al., 2002).
In animal preparations, injected current produces even more regular firing patterns (Kernell,
2006). Yet, when the AHP is reduced by a drug in animal preparations (Manuel et al., 2005,
2006), spiking to even current injection becomes highly irregular. An equally fundamental
role can be ascribed to the NaPIC, which has been shown to be essential for generation of
action potentials to slowly rising or steady inputs (Harvey et al., 2006b; Kuo et al., 2006). If
NaPIC amplitude is too small, motoneurons can only generate action potentials to sharp
transient inputs, but cannot produce prolonged output trains (the same is true of spinal
interneurons (Theiss et al., 2007). The level of NaPIC needed for this basic action potential
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generating role is modest. In both acute spinal and deeply anesthetized preparations, where
levels of 5HT and NE are low, motoneurons have significant NaPIC and usually exhibit
reasonable repetitive firing.

As 5HT and NE levels increase to moderate to high levels, both the NaPIC and CaPIC
become substantially larger and generate clear hallmarks in motoneuron firing patterns.
Figure 6 (based on Bennett et al., 1998; Lee and Heckman, 1998b; Lee et al., 2003) shows
that the firing pattern generated by a motoneuron with a strong PIC is very unlike the base
state frequency-current function illustrated in Fig. 1 (repeated on the right in Fig. 6). As SHT
and NE input increases, the PIC becomes larger and more hyperpolarized. The PIC onset
produces an acceleration in firing (which corresponds to the secondary range, labeled “S” in
Fig. 6). As the PIC increases and its activation hyperpolarizes, this acceleration/secondary
range increases and initiates closer to threshold. In cells with medium to high levels of
monoaminergic input, the PIC generally activates at or before recruitment threshold (green
trace in Fig. 6). Once the PIC is fully activated, the cell enters a “tertiary” range (“T” in Fig.
6) when it becomes less responsive to excitatory input. This tertiary range has also been
called the “preferred firing range” (Hornby et al., 2002), as it appears that most of normal
human motor unit rate modulation in fact takes place in this range (see below).

Figure 7 summarizes the firing behaviors that occur in a motoneuron with a medium to
strong PIC during a slowly increasing and decreasing voluntary drive: 1: initial acceleration
(secondary range); 2: preferred firing range (tertiary range); and 3) onset-offset hysteresis
(offset at lower current than onset). Note that the decline is linear because the PIC remains
on and does not deactivate until the cell returns below its threshold level - this is a
consequence of the hysteresis. It is not unusual however to see some deceleration in firing
just as de-recruitment approaches. The 4t hallmark, not illustrated here, is self-sustained
firing in response to a brief input. Each of these 4 hallmarks of PIC behavior is present in
human motor unit firing patterns (Kiehn and Eken, 1997; Gorassini et al., 2002b, a; Walton
et al., 2002) and indeed the acceleration in discharge has been consistently seen in a wide
range of studies (e.g. Person and Kudina, 1972; De Luca et al., 1982; Romaiguere et al.,
1989). Figure 8 shows results from motor units in the biceps brachii muscle of a healthy
person, illustrating the hallmarks of Fig. 7. The tendency for self-sustained firing is likely
also a major contributor to the enhancement in force demonstrated by Collins and colleagues
in response to electrical stimulation of muscle afferents (Collins et al., 20023; Collins et al.,
2002b; Nickolls et al., 2004). This is a strong phenomenon that may provide a marked
increase in efficacy and fatigue resistance for functional electrical stimulation of humans
with spinal injury or other diseases of the CNS.

A serious concern with examining motor unit firing patterns is that the pattern of synaptic
input is not known - perhaps this pattern itself has a steep slope, a saturation, and a linear
decline. For this reason, the paired motor unit technique was introduced by Eken and Kiehn
and by Gorassini and colleagues (Kiehn and Eken, 1997; Gorassini et al., 2002a). The power
of this approach is evident in Fig. 8, which shows the force of the elbow flexor muscles
generated by a healthy subject (top panel) during the rising and falling phase of a voluntary
ramp contraction performed with the elbow flexor muscles. The middle panel shows a
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higher threshold (test) motor unit, and the lower panel shows a lower threshold (reporter)
motor unit recruited during the ramp contraction.

In the paired motor unit analysis technique, (Figure 8) the firing frequency of a lower-
threshold motor unit of the pair (reporter unit; lower panel) is used to estimate the synaptic
drive to the motoneuron pool, including the drive to a second, higher-threshold (test; middle
panel) motor unit of the pair. The degree to which a motoneuron PIC helps to sustain the
discharge of the motor unit (in this case the test unit) is determined from the reduction in
reporter unit firing at the de-recruitment of the test unit compared with recruitment of the
test unit (AF). This AF value corresponds to the reduction in synaptic drive needed to
counteract the intrinsic PIC and thus is used as an indirect measure of this current
((Gorassini et al., 2004; Powers et al., 2008); for assumptions used with this technique).

The estimate of PIC amplitudes in the test motor unit depends critically on whether the
firing rate of the reporter unit is an accurate measure of synaptic drive to the motoneuron
pool and specifically, to the test motor unit under study This approach depends on the
premise that the firing rate of a motoneuron is proportional to the underlying synaptic
current, given the assumption that the frequency-current (F-I) relation for current reaching
the soma is similar for injected current and for currents reaching the soma from synaptic
inputs (effective somatic current) (Binder-Macleod and Lee, 1996). If so, then the firing rate
of a motor unit is potentially a fairly accurate measure of the drive to the motoneuron pool
including the test unit, (assuming the two motor units are receiving common synaptic inputs
(Bennett et al., 2001a)). The paired motor unit technique remains the most effective method
for detecting and quantifying the contribution of the PIC to motoneuron firing.

These AF estimates indicate that about 40% of the firing rate modulation of motor units
during slowly varying isometric contractions is due to the PIC (Gorassini et al., 2002a). This
is likely an underestimate. The hysteresis estimated by AF only reflects a portion of the PIC.
This point is difficult to appreciate without a thorough understanding of current-voltage
relations in motoneurons, but suffice it to say that the hysteresis measured by the AF only
reflects that portion of the PIC that exceeds the current required to offset the cells input
conductance (i.e. the conductance that sets the resting membrane potential; input resistance
is its inverse) (Powers et al., 2008). In fact in cells where the PIC is not large enough to
induce hysteresis, it still amplifies synaptic input. As yet there are no methods to measure
this amplification in human motor units.

Thus a reasonable conclusion at present is that the PIC generates more than half of the firing
modulation in human motor units during these slow, isometric voluntary contractions. This
conclusion is entirely consistent with PIC behavior in animal preparations, but probably has
not reached the level of certainty that can be ascribed to the AHP and the role of the NaPIC
in action potential generation. Moreover, motor unit firing patterns are variable and do not
always exhibit the hallmarks of PICs (e.g. Fuglevand et al., 2006). One problem is
uncertainty about how strong monoaminergic input is in different motor behaviors. In fact it
is possible that a strong PIC is only essential in posture and moderate to strong voluntary
movements. In addition, as emphasized above, inhibition can readily control or suppress the
PICs in motor pools that would interfere with the task (e.g. antagonists). It should also be
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emphasized that the PIC is unlikely to be a dominant component in all motor behaviors.
Studies of central pattern generators (CPGs) underlying locomotion and scratching in animal
preparations show that these CPGs likely activate motoneurons via different mechanisms. In
the scratch reflex, much of the PIC appears to be deactivated by a strong inhibition
(Perreault, 2002; Berg et al., 2007) and the oscillations are driven by pre-motor spinal
circuits, perhaps using local neuromodulators or via activation of the NMDA glutamate
receptor, which would allow voltage-dependent amplification on its own without the PIC. In
locomotion, PICs appear to be involved (Brownstone et al., 1994) but likely interact with
local neuromodulatory inputs (Muennich and Fyffe, 2004; Miles et al., 2007) and NMDA
glutamate receptors (Hochman et al., 1994).

Perhaps the most promising approach for assessing effects of 5SHT and NE in humans is to
use pharmacology, i.e. to use drugs that block or mimic the effects of 5SHT and NE. As yet,
the only published studies, by Hornby et al (2004) using baclofen and Walton et al (Walton
et al., 2002) using caffeine, are consistent with the presence of PICs in motoneurons. For
example in the Walton et al study, caffeine increased the percentage of motor units
exhibiting self-sustained firing, which is consistent with caffeine’s action of increasing NE
in the CNS. In Hornby et al, baclofen eliminated the initial steep portion of firing rate
modulation and decreased maximal voluntary contraction, suggesting a decreased PIC as
expected from the effects of baclofen on PICs in animal preparations (Svirskis and
Hounsgaard, 1998; Li et al., 2004c). Yet baclofen also has a strong presynaptic inhibitory
effect on sensory afferents that occurs at very low doses (Li et al., 2004c). Further studies
using pharmacological agents that directly impact NE and 5HT are needed. In addition,
studies of these drugs in primate models are also greatly needed, as these studies would
allow effects of PICs on connections between individual cortical cells and motoneurons to
be examined.

Although further work is needed to quantify PIC effects on human motor unit firing patterns,
the evidence presented above supports a major role for the PIC in many normal motor
behaviors. Fuglevand et al (2006) have criticized our emphasis on the PIC, noting the lack of
direct measures of both the PIC and of the level of monoaminergic activity in humans. Yet,
as emphasized at the start of this section, assessments of the AHP in human motoneurons are
similarly indirect. A strong argument in favor of the PIC is that it accounts for several
features of the motor unit firing data (AF, the hallmarks noted in Fig. 2 and the presence of
self-sustained firing). Consider for example the hallmarks of firing rate acceleration during
the ascending phase and then linear declines during the descending phase. While it is true
that nonlinear summation, due to shunting from open ion channels, occurs in motoneurons
(Cushing et al., 2005) this explanation cannot explain why the decline in rate is linear and
does not mirror the behavior on the rising phase. An alternative explanation using
organization of ionotropic input (Heckman and Binder, 1993a) also fails to explain the linear
descending behavior. In contrast, the PIC provides a natural explanation for both ascending
and descending phases. Moreover, the evidence favoring a major role for PICs from animal
preparations is very strong, with perhaps the most important being the clear modulation of
raphespinal neurons with locomotor speed. No other known mechanism has this explanatory
power and thus we conclude that it is reasonably likely that the PIC plays a major role in
determining motor unit firing patterns in humans.
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Nonetheless it should be emphasized that the process of comparing human motor unit firing
patterns to cellular results from animal preparations remains difficult. Research into
alternative interpretations remains very important. One might speculate for example that the
monosynaptic corticospinal input in humans is stronger than seen even in non-human
primates and thus may provide good recruitment and rate modulation with little requirement
for brainstem neuromodulation to enhance motoneuron excitability. Systematic and realistic
computer simulations of motoneurons coupled with careful comparison to human and
animal data are needed to help resolve these issues.

One final point to consider is the effect of monoamines on the resting membrane potential.
As noted above, studies in animal preparations clearly show that resting potential
depolarization and lowering of action potential threshold (Krawitz et al., 2001)
accompanying facilitation of the PIC by both 5HT and NE. As yet no methods are available
for estimating these effects in humans, though careful examination of recruitment threshold
changes with monoaminergic drugs might be a viable approach.

Implications for pathology

Spinal injury

If the neuromodulatory input from the 5HT and NE systems has such a potent effect on
recruitment and rate modulation of motoneurons, then sudden loss of this neuromodulatory
system should produce a large drop in their net excitability. Consistent with this expectation,
complete transections of the spinal cord immediately and dramatically reduce motoneuron
excitability (Hounsgaard et al., 1988; Miller et al., 1996), Excitability becomes so low that
there is almost a complete loss of reflex responses in extensor motor pools (Baldissera et al.,
1981; Miller et al., 1996). Flexion reflexes can be generated in flexor motor pools, but even
these are much weaker than when the cord is intact (Nygren and Olson, 1976; Kehne et al.,
1985). Note that these flexion reflexes are weak despite a dramatic increase in the
excitability in the interneurons in the dorsal horn that mediate the flexion reflex, which of
course are released from monoaminergic inhibition. The dominant role of loss of
monoaminergic input for this reduction in excitability is revealed by administration of
monoaminergic agonists in acute spinal animals, which restore motoneuron excitability
(Hounsgaard et al., 1988; Miller et al., 1996; Harvey et al., 2006a; Li et al., 2007). It is thus
likely that a significant portion of the spinal shock following spinal injury in human subjects
is due to loss of monoaminergic input. As time passes after the injury, human patients begin
to exhibit spasms, suggesting that motoneuron excitability might undergo a chronic
adaptation.

A series of elegant studies using the in vitrorat sacral cord preparation by Bennett and
colleagues have indeed established that motoneuron PICs undergo a remarkable plastic
transformation in the weeks following full spinal transection in the rat (Bennett et al., 2001b;
Bennett et al., 2001a; Bennett et al., 2004; Gorassini et al., 2004; Li et al., 2004b; Harvey et
al., 2006b; Li et al., 2007). Despite the continued lack of 5SHT and NE (which both decrease
to a few percent of their normal levels), both the NaPIC and CaPIC more than double in
amplitude within 8 weeks after spinal transection, while levels of 5SHT and NE remain very
low. Moreover, this emergence of a strong PIC matches closely the time course of the
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emergence of spasms (Bennett et al., 2001b; Bennett et al., 2004; Li et al., 2004b). An
essential role for the PIC in spasms is strongly supported by the studies showing that spasms
are eliminated by blocking PICs. However, PICs and associated spasms cannot be activated
on their own. Because of their voltage dependence, PICs require a brief depolarizing trigger
to be initiated. This is provided by sensory inputs to interneuronal systems that activate
motoneurons, and thus classical considerations of changes in afferent transmission after
injury are still important (Bennett et al., 2004; Li et al., 2004b). The mechanisms of this
remarkable chronic adaptation in PICs are under investigation. One striking aspect of the
chronic changes in motoneurons is that other properties of the motoneuron do not appear to
change much - for example, data from several studies indicate that the resting membrane
potential of motoneurons does not change post-injury (e.g. Button et al., 2008). Thus the
adaptation does not occur for all effects of 5SHT and NE but is limited to the PIC.

Studies of changes in motoneurons in the neurodegenerative disease amyotrophic lateral
sclerosis (ALS) are also underway. Work in motoneuron cultured from embryos shows that
P1Cs may again be involved, in a way that is likely maladaptive. NaPICs are upregulated
early in life, by 10 days post birth in a standard transgenic mouse model of ALS (van
Zundert et al., 2008) or before (Kuo et al., 2004; Kuo et al., 2005). It is quite possible the
resulting excessive excitability contributes to the degenerative process. It is notable that the
elegant studies of axonal excitability in human subjects by Bostock, Burke and colleagues
also suggest that the NaPIC is upregulated in human ALS patients (Mogyoros et al., 1998).
The potential role of the CaPIC is not clear at this point and is presently being investigated
(unpublished data, Quinlan, Manuel, EIBasiouny and Heckman). Anatomical changes also
occur, with an increase in dendritic branching at the same time PICs are increasing (i.e. by
10 days post birth) (Bories et al., 2007; Amendola and Durand, 2008), These anatomical
changes may be compensation for increased PICs but much further study of this issue is
required. The potential role of neuromodulation in upregulating PICs in this disease remains
to be investigated.

Hemiparetic cerebral stroke

Stretch reflexes in stroke patients are hyperexcitable, perhaps because motoneurons
themselves become hyperexcitable. A careful examination using the paired motor unit
technique (Gorassini et al. 2002a) during voluntary ramp contractions with elbow flexor
muscles of healthy control subjects and spastic-paretic stroke survivors revealed no
differences in the amplitude of the PIC across spastic-paretic and non-spastic-paretic muscle
(Mottram et al, in review). Instead, it was suggested that the enhanced stretch reflexes
observed at rest in spastic-paretic stroke survivors are due to the presence of a low-level
depolarizing synaptic drive to the resting spastic-paretic motoneuron pool. The source of this
depolarized drive appears to involve ionotropic input but enhanced brainstem
neuromodulatory input may also be involved, via the effects of SHT and NE on the resting
membrane potential (see above).
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Potential drug therapies

One of the most interesting implications of changes in monoaminergic systems in spinal
injury, ALS and stroke is the possibility of employing drugs that affect various receptor
subtypes for 5SHT and NE for therapeutic purposes. In fact, one of the major anti-spasticity
drugs presently in use, tizandine, likely acts in this manner. This agent acts at NE alpha 2
receptors to restore a measure of inhibition to high threshold afferent input. For
motoneurons, recent studies indicate that the PIC is controlled by different 5HT receptors
(5HT2) than the resting membrane potential (perhaps 5HT6 or 7) (Li et al., 2007). Thus
independent control of these two parameters may provide highly effective control of
spasticity. Another important point to keep in mind with administration of any
monoaminergic drug is that the normal cycle of NE and 5HT is high during the day and low
during the night. Regimens that mimic this diurnal cycle might prove especially effective.

Conclusion

The ionotropic input system definitely influences excitability of the motoneuron by
influencing its depolarization toward recruitment threshold. For the motor pool as a whole,
ionotropic inputs can also increase net excitability (i.e. gain from synaptic input to force or
EMG output). This effect occurs either by imposing a background drive such that additional
input recruits larger motor units or by using an input system that is preferentially distributed
to high force units (e.g. the vestibulospinal input). Yet the neuromodulatory effects of the
descending monoaminergic systems have the potential to induce much larger changes in
excitability both of individual motoneurons and the motor pool as a whole. This point is
especially important in the clinic. Consider for example the standard tendon tap reflex: its
amplitude may be dominated by the level of monoaminergic input to the cord, which affects
the amplitude of the NaPIC, resulting in amplification of the ionotropic la EPSP. This
NaPIC amplification may well outweigh the effect of depolarization of the resting
membrane potential by increased tonic activity in descending ionotropic inputs. Moreover,
an increase in monoaminergic drive will itself depolarize motoneurons via neuromodulatory
mechanisms. This example emphasizes an additional important point: a highly transient
input like the tendon tap or the H-reflex will only be amplified by the fast NaPIC not the
slower activating CaPIC. The latter will however play an important role in tendon vibration
reflexes and this input has been used to demonstrate the presence of self-sustained firing in
human motor units. The most important point however is a clear: as illustrated in Figure 9,
motoneuron excitability is determined both by ionotropic inputs and by neuromodulatory
inputs, with the latter likely being the more powerful. Thus it is essential to consider the
effect of neuromodulatory input in a wide range of normal and pathological motor
behaviors.
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Figure 1:
Simplified relation between current and frequency of firing of action potentials in a

motoneuron, as in seen in an animal preparation where levels of neuromodulators are very
low. These frequency-current (F-1) functions are usually generated using current injected via
an intracellular microelectrode. Motoneurons always exhibit a relatively sharp threshold for
initiation of firing, followed by a more or less linear conversion of increasing current
amplitudes to progressively higher firing rates. Thus, the F-I function provides the
motoneuron with a threshold and a gain (= slope of the function). The initial portion of the
function is called the primary range (P) (Kernell, 2006). At higher levels, a higher gain
region known as the secondary range (S) occurs. This is the “base” form of the F-1 function;
neuromodulators can greatly alter this form (see text and Fig. 6).
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Figure 2:
Effect of the persistent inward current (PIC) on motoneuron membrane potential when

action potentials are blocked (via intracellular injection of QX314, a lidocaine derivative).

The PIC is manifest as a strong depolarization (vertical arrow). Note that its onset is at a
more depolarized level than its offset. This hysteresis is a fundamental behavior of the Ca
channel that mediates about half of the total PIC. Blue trace: membrane potential. Green
trace: current injected via the microelectrode. Data from Lee and Heckman (1999b).
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Figure 3:
Effect of the PIC on excitatory synaptic input. The synaptic currents were measured during

voltage clamp and thus, by convention, excitatory input is downwards. When the cell was
clamped at a hyperpolarized level (about —90 mV in a cell with a resting potential of about
-60 mV), steady activation of muscle spindle la afferents via tendon vibration generated a
modest current with a crisp onset and offset (purple trace). In the same cell, shifting the
voltage clamp to about =50 mV (the level at which firing of action potentials would occur if
the cell was not voltage clamped), the very same input generated a much larger synaptic
current (more than 2-fold) as well as a sustained current lasting long after the input ceased
(gray arrow). Note that baseline currents have been removed to allow the traces to be
superimposed. The difference between the two traces (green arrow) reflects the potent effect
of the PIC. Data from Lee and Heckman (1996).
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Figure 4:
Typical amplification of synaptic currents generated by sustained activation of muscle

spindle la afferents. As the background of neuromodulatory input from the brainstem is
increased (low to medium to high), the peak amplitude of this ionotropic synaptic input
increases 5-fold. The arrow indicates the effect of the PIC at the high level of
neuromodulatory input. Data from Lee and Heckman (2000).
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Figure 5.
The effect of synaptic input on the input-output function of a motor pool and the muscle that

it innervates, based on computer simulations of data for the feline medial gastrocnemius
pool and muscle (Heckman and Binder, 1991, 19933, b). The base state is simulated from
data obtained in preparations where brainstem neuromodulatory input is suppressed and all
motoneurons receive exactly equal proportions of synaptic input. The “Max ionotropic”
effect is based the maximum sub-threshold depolarization that can be achieved without
producing any motor unit recruitment and a distribution of input that favors high over low
threshold units. This distribution was set as non-uniformly as possible with the the constraint
that recruitment reversals should not exceed about 20% (Heckman and Binder, 1993b).
Medium and Max neuromodulatory effects are based on studies where the brainstem is
highly active and where this activity is supplemented by an exogenous monoaminergic
agonist (Lee and Heckman, 19983, b, 1999a).
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Figure 6:
Transformation of the motoneuron frequency-current (F-1) function by neuromodulatory

input. As monoaminergic input from the brainstem increases from low (red trace) to medium
(blue) to high (green), the threshold of the cell is lowered markedly. In addition the PIC
becomes larger and its threshold is lowered. As a result, the primary range disappears and
firing is dominated by the PIC. There is an initial acceleration in firing (the secondary range)
followed by a more shallow but usually still positive tertiary range (this phenomenon has
variously been referred to as rate limiting, saturation and the “preferred” firing range).
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Figure 7:
A typical relation between input and firing for a feline motoneuron with a strong PIC. Each

of the phases labeled 1 through 3 has been detected in human motor unit firing patterns. 1:
Initial acceleration (secondary range). 2: Preferred firing range (i.e. tertiary range or rate
limiting). 3: Offset at a lower input than onset (i.e. hysteresis). A de-acceleration in firing
rate is sometimes evident right at de-recruitment - see Fig. 8.
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Figure 8:
Example of human motor unit firing patterns from a pair of motor units in the biceps brachii

of a healthy subject. On the lowest panel, the “reportor” unit exhibits the same firing
behaviors as in the motoneuron in Fig. 7: 1: Initial acceleration, 2: Preferred firing range and
3: Hysteresis. Note also there is de-acceleration at de-recruitment. This figure also illustrates
the paired motor unit method for estimating PIC amplitude. Vertical dashed lines indicate
times of recruitment and de-recruitment of the higher-threshold (test) unit; horizontal lines
indicate the corresponding lower-threshold (reporter) unit firing rates (estimate of synaptic
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input to test unit) at these times. The lower-threshold (reporter) unit provides an estimate of
average synaptic drive and thus the differences in its frequency of firing (A F) at recruitment
vs. . Top panel, black: Volitional elbow flexion force in N (y-axis) in relation to time (x-
axis); middle panel, red: firing rates of Test Unit in pulses per second (y-axis) in relation to
time (x-axis), average in black; bottom panel, blue: firing rates of Reporter Unit in pulses per
second (y-axis) in relation to time (x-axis), average in black.Note A Ffor this subject was
4.6 Hz. Unpublished data from Mottram.
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Figure 9:
Motoneuron excitability is controlled by two types of synaptic input, ionotropic and

neuromodulatory input. As indicated by the size of the arrows, the neuromodulatory system
has a more powerful effect.
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