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Functional role of plateau potentials in vertebrate motor neurons

Ole Kiehn* and Torsten Ekent

The expression of plateau potentials in spinal motor neurons is
regulated by neuromodulatory substances. Recent
experiments have shed new light on this regulation at the
cellular level. It is now possible to evaluate the existence of
plateau potentials in intact organisms, including humans, and
to address the functional role of plateau potentials in motor
control, as well as in information transfer in the brain.
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Abbreviations

5-HT  5-hydroxytryptamine

GABA  y-aminobutyric acid

EMG electromyography

EPSP excitatory postsynaptic potential

Ican calcium-activated nonselective cationic current
N hyperpolarization-activated inward current

v current-voltage

mGlu  metabotropic glutamate (receptor)

NMDA N-methyl-D-aspartic acid

NSR negative slope conductance region

Introduction

Research over the past 15 years has shown that vertebrate
spinal motor neurons in reduced preparations, under cer-
tain circumstances, can generate prolonged plateau
potentials (reviewed in [1-3]). A plateau potential is a sta-
ble membrane potential that is more depolarized than the
resting membrane potential. When a plateau potential is
initiated, a cell can fire action potentials in the absence of
continuous synaptic excitation. This situation is different
from the one in which firing is maintained by a summed
excitatory drive that is sufficiently large to move the neu-
ron’s membrane potemntial above the threshold for action
potentials. In the latter case, sustained synaptic excitation
is required for a neuron to maintain continuous firing. The
integrative capacity of a motor neuron with or without
plateau properties is therefore very different.

In this review, we discuss recent experiments that have
increased our knowledge about how plateau properties are
regulated at the cellular level, evaluate whether plateau
potentials exist in intact organisms (including humans), and
examine the functional role of these properties in motor con-
trol. We will limit our discussion to the role of plateau
potentials in tonic motor output. The involvement of motor
neuron plateau potentals and NMDA-induced bursting

properties in rhythmic motor output has been reviewed
extensively elsewhere [2,4,5] and will not be dealt with here.

Phenomenology and terminology

A transient depolarization of sufficient amplitude and
duration (‘on’ stimulus) can initiate a plateau potential.
This plateau can persist for minutes before it either termi-
nates spontaneously or is actively turned off by a brief
inhibition (‘off” stimulus). Therefore, the plateau potential
allows a cell to possess two stable membrane potentials:
one is at rest and has no spike activity and another at a
more depolarized level (i.e. a plateau) that generates sus-
tained firing. This firing behavior is depicted in Figure 1bi.
In some motor neurons, it is possible to activate the
plateau potential when the cell is already firing
(Figure 1lai), and then terminate it again at a later time.
This mechanism permits the cell to switch back and forth
between two stable modes of firing,.

We and others previously described, indiscriminately, the
tiring behaviors depicted in the intracellular traces in
Figure la,b as ‘bistability’ or a ‘bistable behavior’. As
described below, these two firing behaviors most proba-
bly reflect different steady-state /-1 (current-voltage)
relationships. Therefore, the terms ‘bistability’ and
‘bistable behavior’ as general descriptions of the firing
behavior evoked by plateau potentials are imprecise. We
suggest it would be better to use the phenomenology
based terms ‘bistable firing’ for when on and off stimuli
switch the firing between two stable levels (Figure 1a)
and plateau-induced ‘self-sustained firing’ or ‘prolonged
firing” when an on stimulus recruits an electrically silent
cell to steady firing (Figure 1b). We will use the term
‘membrane bistability’ to refer to the two stable mem-
brane potentials imparted by the plateau potentuial.

Plateau properties are regulated by

muitiple neuromodulators

The expression of plateau potentials in spinal motor neurons
is regulated by neuromodulators. This was originally
described in cat and turtle motor neurons, where it was
shown that the continuous presence of 5-hvdroxytryptamine
(5-HT) and noradrenaline was necessary for phasic fast
synaptic signals to evoke membrane bistability [6-8]. Recent
studies by Hounsgaard and colleagues [9°,10°*] have shown
that plateau properties in turtle motor neurons can also be
induced by activation of muscarinic and group 1 metabotrop-
ic glutamate (mGlul) receptors. Moreover, the ability to
generate plateaux can be downregulated by GABA receptor
activation. In an elegant study in which all ionotropic trans-
mission was blocked initially, it was also shown that electrical
stimulation of the dorsolateral funiculus could evoke plateau
properties by activating 5-HT;,, mGlul, and muscarinic
receptors [10**]. These findings demonstrate a strong
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Recordings depicting the relationship between plateau onset threshold, spike threshold, and stimulus-evoked firing behavior. (a) Bistable firing.

() Intracellular recording from a lumbar motor neuron (lateral gastrocnemius—soleus) in a decerebrate cat. The bistable firing was initiated by brief
synaptic excitation of the motor neuron pool (‘on’: medial gastrocnemius nerve stimulated 1.7 x threshold, 300 Hz) and terminated by a brief
synaptic inhibition (‘off': peroneal nerve stimulated 10 x threshold, 200 Hz). Adapted from [6]. (i) Theoretical steady-state /-V curve that could
explain the bistable firing behavior. The plateau onset threshold is above the threshold for spike initiation (action potential [AP] threshold).

RMP, resting membrane potential; |, current; V, voltage. Adapted from [22*]. {iii) Bistable firing recorded extracellularly in the soleus muscle of an
unrestrained rat. The initial low-frequency firing activity switched to a stable high-frequency firing after a brief excitation of the motor neuron pool
(‘on": low-threshold stimulation of the tibial nerve, 200 Hz). Adapted from [28]. (b) Self-sustained or prolonged firing. (i) Intracellular recording from
a lumbar motor neuron in an in vitro preparation of the turtle spinal cord. The membrane bistability was induced by 5-HT and initiated by a brief
depolarizing current pulse (‘on’) and terminated by a brief hyperpolarizing current pulse (‘off’). Note the sudden jump in firing frequency when the
plateau is turned on during the depolarizing pulse. Adapted from [8]. (ii) Theoretical steady-state /=V curve that could explain the prolonged firing.
The plateau onset threshold is below or only slightly above the threshold for spike initiation. Therefore, a bistable firing pattern is impossible (see
text for details). Adapted from [22*°]. (iii) Self-sustained or prolonged firing in a human tibialis anterior motor unit initiated by a brief excitation of the
motor neuron pool (‘on': vibration of tibialis anterior tendon, 100 Hz). Adapted from [31°°].

modulatory convergence of various neurotransmitter systems
on motor neurons and indicate that plateau potentials in
spinal motor neurons are under dynamic regulatory control
from several descending fiber systems.

Modulation of ionic conductances underlying
motor neuron plateau properties

The modulation of ionic conductances underlying motor
neuron plateau properties has been described in detail
in previous reviews [2,3]. Here, we shall focus on
recent findings.

Plateau potentials are maintained by a non-inactivating or
slowly inactivating inward current. In early experiments,
Schwindt and Cirill [1] suggested that this persistent current
was carried by calcium ions and that it normally is counter-
balanced by outward conductances. Thus, a pharmacological
block of outward potassium conductances or enhancement of
inward calcium conductances was required for generating
plateaux in car motor neurons. Later studies of 5-HT-depen-
dent plateau potentials and of plateau potentials induced by
inorganic potassium channel blockers in turtle motor neurons
complemented this picture by showing that plateaux in the
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Figure 2
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Schematic to illustrate that the existence of motor neuron plateaux can reduce the need for ongoing conventional synaptic drive during tonic motor
activity. (@) In the presence of tonic activity (e.g. in raphe—spinal 5-HT fibers), a strong short-lasting barrage of fast EPSPs from the brain (‘Phasic
descending drive') can trigger plateau potentials in motor neurons (‘Initiation’). Because of the plateau potentials, the tonic motor activity can then
be maintained (‘Maintenance') by less, or no (indicated by broken line), activity in descending tonic motor systems (‘Tonic descending drive’) than
during the phasic activation, except for the activity in the slow modulatory systems (‘Raphe 5-HT"). (b) In the absence of neuromodulatory inputs

from the brain, an increased tonic descending drive is needed to compensate for lack of plateau potentials. desc., descending.

turtle spinal cord also are calcium dependent [8]. As the abil-
ity to generate these plateaux is blocked by the organic
calcium blocker nifedipine, it suggests that they are mediat-
ed by L-like calcium channels [8,11]. The blocking effect of
nifedipine has now been shown to include plateaux induced
by activation of muscarinic and mGlul receptors on motor
neurons [9°], as well as spontaneous and transmitter-induced
plateau potentials in dorsal horn neurons [12,13]. Using an
extracellular electrical field that depolarizes dendrites and
hyperpolarizes the soma, Hounsgaard and Kiehn [14]
showed in turtle motor neurons that the persistent plateau
current is localized mainly to distal dendrites. A similar con-
clusion was reached when cat motor neuron plateaux were
activated with svnaptic inputs [15].

Hounsgaard and Kiehn [8] originally suggested that
5-HT induces membrane bistability in turtle motor neu-
rons by removing an opposing outward current, because
5-HT reduces a calcium-dependent potassium current;
however, effects on other conductances, such as the L-
like calcium current, were not excluded. This issue has
not vet been addressed further for 5-H'T, but in recent
experiments, Svirskis and Hounsgaard [9*] showed that
activation of muscarinic and mGlul receptors still
enhances nifedipine-sensitive plateau properties when
several of the outward potassium conductances are

blocked. These receptor agonists also reduce the resting
input conductance, suggesting that transmitter induction
of plateau properties in spinal motor neurons involves
regulation of multiple conductances, including enhance-
ment of the L-like calcium conductance, as well as
reduction of one or more outward conductances. Such
multiple effects of transmitters on single-cell properties
are well known, and recent studies of membrane bistabil-
ity in a crustacean motor neuron [16,17] and in rat
trigeminal motor neurons [18°] have shown that 5-HT
regulates a hyperpolarization-activated inward current
(1y,) that is open at rest, calcium- and non-calcium-depen-
dent resting outward currents, and a persistent calcium
current. More extended voltage-clamp studies are need-
ed to clarify whether similar mechanisms lie behind
plateau induction in spinal motor neurons.

Another issue that requires further consideration is the
plateau current itself. Two recent studies have shown that
plateaux can be generated either by a calcium-activated
voltage-independent cation-selective current [19] or by
a calcium-activated voltage-dependent sodium cur-
rent [20°*]. These inward currents are activated by calcium
entering the cell and are referred to as [;5n. Currently, it
has not been excluded that /4 contributes to plateau
generation in spinal motor neurons.
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Relationship between plateaux and firing
threshold

The plateau current in spinal motor neurons is voltage depen-
dent, with a threshold 10-20 mV above resting levels [1,8].
Lee and Heckman [21°°,22**] have made a detailed analysis
of the relationship between the threshold for spike genera-
tion and the plateau threshold in cat motor neurons.
A cell that possesses plateau potentials necessarily expresses
a negative slope conductance region (NSR), and three cross-
ings of zero current in the steady-state /-V relationship
(Figure 1aii and bii). The platcau threshold corresponds to
the point of zero slope at the inflection that initiates the NSR.
Lee and Heckman [22°*] measured the plateau thresholds in
different motor neurons and compared them with the thresh-
old for spike initiation. They found that in some motor
neurons, the plateau onset threshold is below or close to the
spike threshold, whereas in others, it is above the spike
threshold. They also found a strong correlation between the
type of motor neurons and this plateau/spike relationship.
Thus, slow motor neurons, which have the lowest recruit-
ment threshold during movements, tend to have a plateau
onset threshold below or at the action potential threshold
(Figure 1bii), whereas, fast motor neurons, which usually are
recruited later in a movement, have a plateau onset threshold
above the action potential threshold (Figure 1aii).

These two different /-V profiles result in dramatically dif-
ferent motor neuron firing behavior. A cell with a plateau
onset threshold above the action potential threshold will
be able to demonstrate true bistable firing (Figure 1ai); this
is because spiking can be initiated without activating the
plateau. In contrast, a cell with a plateau onset threshold
below or at the action potential threshold will jump into
plateau-induced self-sustained firing at or shortly after
recruitment (Figure 1bi); this type of cells will not, there-
fore, be able to demonstrate true bistable firing.

The relationship between plateau and spike thresholds in
a given motor neuron is probably dynamically modulated.
For example, recent data obtained in a model of mem-
brane bistability in vertebrate motor neurons have shown
that the amount of block of outward currents and/or
enhancement of an L-like inward calcium current will
determine the plateau onset threshold [23°]. Varying these
parameters can thus move the plateau voltage threshold
towards or away from the spike threshold. Experimentally,
this manipulation would correspond to changes in the con-
centration of one or several neuromodulators.

The plateau threshold can also be influenced by preceding
depolarization. This was discovered by Russo and
Hounsgaard [24] in turtle dorsal horn cells. They found that
long-lasting near-activation of the plateau would lower its
voltage threshold, possibly because of the depolarization-
induced potentiation of the L-like calcium channel opening
probability. The authors called this effect warm-up of the
plateau and demonstrated that in the near-threshold voltage
range, the warm-up effect had a time course of 2-3s.

Repetitive short-lasting depolarization (e.g. subthreshold
EPSPs) will therefore tend to lower the plateau onset
threshold over time. The warm-up effect has also been
demonstrated in turtle [25°] and cat [26] motor neurons.

A change in the plateau threshold in relation to the spike
threshold has also been demonstrated in cat motor neurons
when current ramps were injected into cell bodies with
superimposed tonic dendritic synaptic excitation [27°*]. In
this situation, the motor neuron jumped to the plateau at a
significantly lower firing frequency than when tonic excita-
tion was absent. In contrast, if a tonic inhibitory synaptic
input was produced, the threshold for plateau activation
could be moved to a more depolarized level and allowed the
motor neuron to fire at a lower frequency for a longer time
before recruitment of the plateau. These observations are
compatible with a dendritic localization of plateaux in cat
motor neurons. Bennett ez /. [27°*] suggest that the lower-
ing of the plateau threshold is only apparent because less
current is needed in the soma to activate the plateau when
(dendritic) synaptic excitation is present. Another possible
explanation is that the plateau onset threshold is reduced in
response to warm-up caused by the barrage of synaptic exci-
tation. In this way, the plateau threshold can be changed by
both fast synaptic excitatory and slow modulatory inputs.

Evidence for motor neuron plateau potentials
in intact animals

The first evidence of plateau potentials in intact animals
came from recordings in the soleus muscle of unrestrained
rats [28,29,30*%]. In these animals, a bistable firing pattern
(Figure 1aiii) can be evoked experimentally by short-lasting
excitation and inhibition of the motor neuron pool by periph-
eral nerve stimulation. Motor units also shift abruptly
between stable low-frequency and long-lasting high-fre-
quency firing in response to spontancous short-lasting
activity episodes. Abrupt stimulus-evoked or spontaneous
shifts in frequencies can take place without any change in fir-
ing frequency of other simultaneously active motor units,
suggesting that the long-lasting changes are not caused by an
increase in activity in descending fibres. This behavior caus-
es an apparent dissociation of activity between different
motor neurons, which is particularly striking during long-last-
ing low-amplitude activity, as measured by EMG. Typically,
this kind of activity is caused by a small number of motor
neurons firing at stable high frequencies (20-30 Hz) for
extended periods of ume while other motor neurons are
silent, There appears to be no fixed order of recruitment and
de-recruitment; in contrast, there is a cycling of activity from
one tonic period to another between motor neurons. "This
suggests that individual motor neurons in the soleus pool
have rather similar plateau thresholds, but that their ability to
generate a plateau varies over time. Thus, at least during
tonic activity, plateau mechanisms supplement the classical
concepts of a simple motor-unit recruitment hierarchy.

The ability to produce long-lasting tonic activity in the
soleus develops in parallel with the maturation of descending
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monoaminergic projections (1" Eken ¢z al., Soc Neurosci Abstr

1990, 16:331) and is strongly reduced after selective deple-
tion of spinal monoamines [29]. All these observations are
compatible with the notion that some spinal motor neurons
in the intact rat have monoamine-dependent plateau poten-
tials with a steady-state /-V relationship, as shown in
Figure 1aii, where the threshold for spike activity is lower
than the plateau threshold.

We have looked for evidence of plateau potentials in
human tibialis anterior and soleus motor neurons and have
found that brief excitation of the motor neuron pool by
vibrating the homonymous muscle while it is electrically
silent could induce motor unit firing during the vibration as
well as prolonged firing, which sometimes outlasted the
stimulus for many seconds to minutes [31**]. Recordings
from pairs of motor units showed that the prolonged firing
was not attributable to a systematic change in the common
drive to the motor neurons. Similar observations have been
made by Gorassini ¢ a/. [32°*]. However, a bistable firing
pattern could not be convincingly demonstrated [31°°].
This is because these low-threshold neurons most often
jumped into what we have called their ‘preferred firing
range’ shortly after recruitment, when activated voluntarily
or by vibration. Steady-state firing was not easily obtained
below the ‘preferred firing range’, and neurons already fir-
ing in this range were only transiently affected by vibration.
"This abrupt recruitment pattern was seen, for example, in
slow isometric ramp contractions, where neurons would
increase their firing frequency very steeply over a few inter-
spike intervals and then fire with a much slower rate during
the remaining part of the ascending ramp [31°°]. This sud-
den jump in firing frequency during ramp contractions is a
general phenomenon and had previously been described
by other investigators in a range of muscles [33-36].

We conclude from our experiments that human ankle motor
neurons are unable to display a bistable firing pattern similar
to that seen in rat ankle motor units. As discussed above,
however, this is not incompatible with the existence of motor
neuron plateau potentials in humans. The vibration-induced
prolonged firing can be explained by human low-threshold
ankle motor neurons having a steady-state /-V relationship,
as shown in Figure 1bii, where the threshold for spike activ-
ity is close to or above the plateau onset threshold.

Why plateau potentials?

As discussed above, the existence of motor neuron plateau
potentials reduces the need for steady on-going synaptic
drive during maintained muscle contractions [2,3]. Such a
mechanism might be useful in postural muscles, where part
of a continuous descending synaptic drive could be
replaced by self-supporting membrane properties. This
concept is illustrated in Figure 2. Thus, in the presence of
tonic activity in neuromodulatory systems, such as the
raphe—spinal 5-H'T" system, a strong short-lasting barrage of
EPSPs from other supraspinal sources could trigger plateau
potentials and thereby prolong tonic motor activity. This

prolonged motor activity could then be maintained by less
descending tonic activity than during phasic activation
(Figure 2a), or possibly by no tonic activity at all. The firing
behavior of ‘phasic-tonic’ corticomotoneuronal cells, which
fire with a burst on the onset of a movement and then level
off to a much lower steady-state firing during static contrac-
tion, fits into this scheme [37]. By contrast, in the absence
of supraspinal neuromodulatory inputs, a continuous tonic
descending drive 1s needed to compensate for the lack of
plateau potentials (Figure 2b).

The above description of the involvement of motor neuron
plateaux in tonic motor output is a natural extension of the
plateau phenomenology. In addition to this, we would like to
propose that plateau potentials are superior to continuous
steady synaptic activity for the maintenance of steady pro-
longed motor neuron firing. This is because synaptic
transmission is a probabilistic process, which is believed to
be the main source of the irregular spiking that has been
observed in all areas of the central nervous system.
Activation of a long-lasting plateau will tend to uncouple
spike generation from the variability in synaptic input, as
well as from the effects of nonlinear synaptic summation of
excitatory synaptic potentials, and will thereby favor a more
steady and predictable firing. Moreover, during the plateau,
the input conductance increases two to three times com-
pared to resting membrane potential [8]. Synaptic inputs
arniving when the plateau is activated will therefore be less
effective because of the shunting effect. For motor units,
these factors will thus give a more stable force output.
Finally, the dendritic localization of plateau potentials opti-
mizes information flow as siow DC potentials spread towards
the soma with less attenuation than fast EPSPs [38°°].

In the rat soleus muscle, the sigmoid shape of the ten-
sion—frequency curve further attenuates firing frequency
variations. Simulation of motor neuron tension output after
plateau activation predicts that muscle fibers contract at
more than 80% of maximal tetanic tension with only minute
variability [28]. Stable tension production is important in
order to avoid oscillations in the tension-producing system,
and stability in individual motor neurons becomes all the
more important when the number of active neurons is small.
Thus, we propose that motor neuron plateau potentials play
an essential part in the generation of stable postural activity.

Conclusions

The preceding years have brought significant advances in
our understanding of the regulation of plateau potentials in
spinal motor neurons. One of the most important advances
at the cellular level is a precise analysis, both from actual
experiments and from modeling, of the relationship
between plateau onset threshold and spike threshold, which
predicts the firing pattern caused by plateau activation.
These results support the idea that the differences between
firing behavior in tonic ankle motor units in intact rats and
humans can be ascribed to the existence of motor neuron
plateau potentials with different onset thresholds.
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Researchers are already addressing how preceding depolar-
ization can change the plateau onset threshold. It will be
important to elaborate this theme further in future experi-
ments by investigating how different neuromodulators in
varying concentrations affect the plateau onset threshold.
Experiments with denervated descending monoaminergic
fibers suggest that these systems play an important role in
tonic motor output, presumably because thev control
plateau expression in motor neurons. We need to find out
more about the firing of descending monoaminergic neu-
rons innervating spinal motor neurons during tonic motor
output [39] and how the activity in these neurons is associ-
ated with activity in well-known descending motor systems.

Finally, the expression of plateau potentials in a neuron
probably reduces the stochastic nature of spike activity that
is otherwise imposed by steady synaptic potentials. We sug-
gest that this general hypothesis should be tested also in
other areas of the brain in which plateau potentials interact
with synaptic activity (e.g. in the cortex and cerebellum).
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