1duosnuey Joyiny JHIO 1duosnuey Joyiny ¥HIO

1duasnuey Joyiny YHID

C | H R Canadian Institutes of Submitted by CIHR
&ﬁ' Health Research Déposé par les IRSC
b I RSC Instituts de recherche
c‘ en santé du Canada
Prog Neurobiol. Author manuscript; available in PMC 2016 October 12.

Published in final edited form as:
Prog Neurobiol. 2006 ; 78(3-5): 156-172. doi:10.1016/j.pneurobio.2006.04.002.

Beginning at the end: Repetitive firing properties in the final
common pathway

Robert M. Brownstone”
Departments of Surgery (Neurosurgery) and Anatomy & Neurobiology, Dalhousie University,
Halifax, NS, Canada B3H 1X5

Abstract

Since the early 20th century, it has been recognized that motoneurons must fire repetitive trains of
action potentials to produce muscle contraction. In 1932, Sir John Eccles, together with Hebbel
Hoff, found that action potential spike trains in motor axons were produced by “rhythmic centres”,
which were within the motoneurons themselves. Two decades later, Eccles attended a Cold Spring
Harbor Symposium in NY, USA entitled “The Neuron”. Two of the many notable presentations at
this symposium were juxtaposed: one by Eccles from the University of Otago, Dunedin, NZL, and
the other by J. Walter Woodbury and Harry Patton from the University of Washington, Seattle,
USA. Both presentations included data obtained using sharp microelectrodes to study the
intracellularly recorded potentials of cat motoneurons. In this review, | discuss some of the events
leading up to and surrounding this jointly accomplished advance and proceed to discussion of
subsequent studies over 5+ decades that have made use of intracellular recordings from
motoneurons to study their repetitive firing behavior. This begins with early descriptions of
primary and secondary range firing, and continues to the discovery of dendritic persistent inward
currents and their relation to plateau potentials, synaptic amplification, and motoneuronal firing.
Following a brief description of the possible mechanisms underlying spike frequency adaptation, |
discuss the modulation of repetitive firing properties during various motor behaviors. It has
become increasingly clear that the central nervous system has exquisite control of the repetitive
firing of motoneurons. Eccles’ work laid the foundation for the present-day study of these
processes.
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1. Introduction

In his early work, Sir John Eccles (1903-1997) focused on the study of spinal motoneurons.
He began studying activity in motor axons with Sir Charles Sherrington (1857-1952) at the
University of Oxford, GBR by means of extracellular recording techniques (Creed et al.,
1932). This work led to many key insights into the function of these neurons. Following his
move to the University of Otago, NZL, Eccles began to use intracellular recording
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techniques primarily to study synaptic transmission. His work there and subsequently also
laid the foundation for later studies of overall motoneuronal physiology, including repetitive
firing (discharge), and this work has continued to the present day. This article begins with a
review of Eccles’ contributions to our early understanding of motoneuron physiology, moves
on to early studies in repetitive firing behavior by Ragnar Granit (1900-1991), Daniel
Kernell, and their colleagues, and then addresses our current understanding of motoneuronal
activity during behavior. My intent is not to provide a comprehensive review of motoneuron
physiology, which can be found elsewhere (e.g., Rekling et al., 2000; Powers and Binder,
2001). Nor is this article a thorough historical analysis of Eccles’ contributions (for such
references, see Curtis and Andersen, 2001; Stuart and Pierce, 2006). Rather, the purpose
here is to review a specific aspect of motoneuron physiology: the regulation of repetitive
firing. This requires consideration of the state-dependence of motoneuronal properties.

I did not train with Eccles and, indeed, | am two scientific generations removed from him! |
trained with Larry Jordan, whose PhD mentor was William Willis. My postdoctoral studies
were with Hans Hultborn, who trained with Anders Lundberg. Eccles mentored Willis for
his 1962 PhD dissertation research, and Lundberg was a key collaborator of Eccles in the
mid-1950s (see Willis, 2006). | met Eccles only once (in 1986 at a meeting on neural
plasticity at the University of Washington, Seattle, USA). The historical account that follows
is based on my personal interpretation of written work, and discussions with some of the
involved parties.

2. Early investigations of the repetitive firing of motor axons (1912-1929)

In the mid-1920s, Alexander Forbes (1882-1965) and James Olmsted (1886-1956) wrote:
“. .. The frequency with which nerve impulses are discharged along the motor neurons in
sustained reflex and involuntary contraction of skeletal muscle is a subject about which
much has been written and little decided” (p. 17 in Forbes and Olmsted, 1925). They
proceeded to discuss the state of the field. It is clear that the relationship between
motoneuron firing and muscle contraction was poorly understood at that time. Nevertheless,
a preceding German language monograph by Hans Piper (1877-1915) had described human
forearm muscle contraction in response to repetitive stimulation of the median nerve, the
temperature dependence of the spike component of muscle action potential (AP) firing rate
in the turtle, and also the reduction in muscle spike potential firing rate with fatigue (Piper,
1912). According to Forbes and Olmsted (their p. 17), this monograph contains the earliest
reference that the rhythm observed in the electromyogram “. . . was that of the impulses in
the motor neurons innervating the muscles.”

That repetitive firing is necessary for effective muscular contraction can also be inferred
from studies of muscle physiology by John Fulton (1899-1960). Also in the mid-1920s,
Fulton wrote: “Broadly speaking, however, the twitch is a physiological abstraction, for
single responses seldom occur in the intact animal. Movements are the expression of more or
less prolonged tetani” (p. 149 in Fulton, 1926).

In the early 1920s, recording spike potentials directly from motor axons proved to be quite
difficult. Forbes and Cattell (1924) attempted such recordings from motor nerves but they
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were unsuccessful (see also Forbes and Olmsted, 1925). It was Lord Edgar Adrian (1889—
1977) and Detlev Bronk (1879-1975) who first recorded spike potentials from individual
motor axons. They reported that cat (and human) limb motoneurons discharged at spike rates
of ~5-100 Hz in order to effect muscle contraction (Adrian and Bronk, 1929). Furthermore,
they stated that the discharge “ . . . varies in frequency according to the general level of
excitation in the motor centres” (p. 144 in Adrian and Bronk, 1929).

Derek Denny-Brown (1901-1981) was also successful in recording spike potentials from
individual motor units (Denny-Brown, 1929). In studying reflex responses, he found that
there was no change in the spike frequency of motor units, but rather there was a stereotypic
recruitment of additional motor units. This was the fore-runner to the size principle, which
was first postulated by Denny-Brown and Pennybacker (1938) and then demonstrated
experimentally by Elwood Henneman (1915-1996) in 1957 (Henneman, 1957; for history,
see Henneman and Mendell, 1981).

Denny-Brown (1929) reported that with sudden stretches of the muscle, transient motor unit
firing rates as high as 50 Hz were observed. He also recorded initial spike doublets,
following which the motor axons discharged “ . . . irregularly and singly at rates which
depend upon the strength and rate of afferent stimulus” (p. 272). He noted, however, that
there often was no apparent relation between discharge rate and stimulus strength. Denny-
Brown also discussed “ . . . a state of central excitation”, which depended on the “. . .
relative amounts of inhibition and excitation summated at that unit” (p. 294). These inputs
were recognized to be of both spinal and supraspinal origin.

Thus, by the end of the third decade of the 20th century, it had been established that
motoneurons fire repetitively to produce effective muscle contraction, and that the degree of
contraction varies with the frequency of discharge. Furthermore, the concept of a general
level of excitation of motoneurons and motoneuronal pools was beginning to emerge.

investigations of the repetitive firing of motor axons (1930-1949)

Recognizing the important work of both Adrian and Denny-Brown, Eccles and Hebbel Hoff
(1907-1987) continued the exploration of motoneuronal repetitive firing (Eccles and Hoff,
1932). Recording from motor axons, they studied motoneuron spike discharge induced by
reflexes. They found it curious that the discharge of motoneurons had no direct relation to
that of the individual afferent stimuli when the stimulation rates were greater than ~10 Hz.
The discharge rate varied, however, with the overall intensity of stimulation (rate and
strength). This lack of a direct relation implied that there was an intrinsic repetitive firing
mechanism in motoneurons, which they explored in further detail. To my knowledge, this
1932 paper is the only one in which Eccles focused primarily on mechanisms underlying
repetitive firing in motoneurons. In this paper, the authors foreshadowed much of what was
later to be discovered about repetitive firing mechanisms using intracellular recording
techniques.

Eccles and Hoff (1932) used the crossed extension reflex to elicit repetitive spike firing in
extensor motoneurons while recording extracellulary from individual axons. By evoking
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antidromic action potentials they altered the observed reflex-evoked pattern of firing. These
data led them to define the “rhythmic centre” of the motoneuron, which had an underlying
state of excitability that could be modulated. They postulated that the “central excitatory
state” (c.e.s.) of this rhythmic center would determine the discharge of the motor units.
Further, they reasoned that since an antidromic spike potential could alter the rhythm, and
since these spike potentials did not propogate beyond (i.e., central to) motoneurons, the
rhythmic center must be the motoneuron, itself: “Each motoneuron has, therefore, an
intrinsic rhythmic centre. The rhythm of its discharge is not impressed on it from without,
for example, by internuncial neurons next upstream. A rhythmically discharging motoneuron
must be subjected to a continuous and more or less uniform bombardment by excitatory
impulses from these internuncial neurons. The stimulus of this bombardment activates the
rhythmic centre of the motoneuron as evidenced by the discharge so set up. The more
intense the bombardment, the faster is the rhythm of this discharge” (p. 105).

In addition, Eccles and Hoff defined the threshold of the c.e.s. to be that point at which
rhythmic spike discharge was evoked. This idea was analogous to findings from later current
injection experiments, which are discussed below, in which a minimum current needed to
evoke repetitive firing was determined.

Eccles and Hoff also showed that an antidromic spike potential elicited during rhythmic
firing would lead to a delay in initiation of the next orthodromically activated spike (Fig. 1).
That is, the subsequent spike potential did not occur at the predicted time.

Eccles and Hoff interpreted these results as follows. Spike potentials were elicited when the
c.e.s. reached a certain threshold (Fig. 1, line LR). Following each spike potential, the c.e.s.
decreased by a specific degree, and then slowly increased again due to the maintained
excitatory afferent input. The c.e.s. again reached the threshold required to elicit the
subsequent spike potential. When an antidromic spike potential was elicited (Fig. 1, point
D), the c.e.s. decreased by a standard amount. As the c.e.s. had only partially recovered at
the point when the antidromic spike potential was elicited, the associated decrease in c.e.s.
would take the neuron even further away from threshold. Therefore, the increase in c.e.s.
required to reach spike threshold would take longer (Fig. 1, T2, line ER) than the usual time,
7, and the next spike potential would be seen later than its predicted time. Their theory of a
c.e.s., its recovery, the reduction of c.e.s. following rhythmic spikes, and the additional
reduction following antidromically evoked spike potentials was analogous to the later theory
that afterhyperpolarization (AHP) summation can lead to prolongation of the interspike
interval. This was proposed several decades later in studies using intracellular recording
techniques and/or modelling (see Section 7).

Eccles and Hoff also determined that there was a lower limit to the frequency of repetitive
firing in motor axons, and they proceeded to mathematically relate this low frequency to the
defined parameters p (rate of production of the c.e.s.) and & (threshold intensity). The
parameter p corresponded to what we now understand to be the decay of the AHP.
Therefore, this finding also predated by three decades the analogous finding using
intracellular microelectrodes. That is, the lower limit of repetitive firing in motoneurons was
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subsequently shown to relate to AHP duration as measured in an intracellularly recorded,
antidromically activated AP (Kernell, 1965a,c).

The concepts that emerged from this single Eccles and Hoff (1932) study foreshadowed by
several decades our basic understanding of the mechanisms underlying repetitive firing in
motoneurons. Over the next 25 years, however, few such studies were undertaken. There was
one study in phrenic motoneurons in which Robert Pitts (1908-1977) concluded that the
repetitive firing seen in phrenic motoneurons resulted from the balance between the input
they received from inspiratory centers and their recovery of excitability following spike
potentials (Pitts, 1943). This paralleled the conclusion of Eccles and Hoff (1932).

4. Intracellular recordings from spinal motoneurons (1949-1957)

The 1949-1952 epoch was a particularly exciting period for neurophysiology. During these
years microelectrode techniques were first applied to neurons in the mammalian central
nervous system (CNS).

For a history of the iterative invention of intracellular microelectrodes, | draw attention to
three letters published in 1983 (Bretag, 1983; Edwards, 1983; Hoyle, 1983). According to
these letters, Marshall Barber (1868-1953) used glass micropipettes to first isolate (1902)
and then inoculate (1911) single cells (Barber, 1914). Recordings in various animal and
plant cells were reported in the early 1920s (Taylor, 1925), and better examples appeared for
plant cells in the 1930s (e.g., Osterhout, 1931). Bretag (1983) attributed the first real success
in this endeavor for animal cells to Charles Taylor (1885-1946) and Douglas Whitaker
(Taylor and Whitaker, 1927). Kenneth Cole (1900-1984) and his colleagues used 2-pym-tip
micro-electrodes to record from embryonic myocardial cells in culture (Hogg et al., 1934),
and Haruo Kinosita studied Paramecium cells intracellularly (Kinosita, 1936). For excitable
nerve cells, Sir Alan Hodgkin (1914-1998) and Sir Andrew Huxley used 40-100 um
diameter glass pipettes to make the first measurements of membrane potential in the squid
giant axon (Hodgkin and Huxley, 1939). The same approach was used shortly thereafter by
Howard Curtis (1906-1972) and Cole (Curtis and Cole, 1940). In Chicago, USA, Judith
Graham Pool (1919-1975) and Ralph Gerard (1900-1974), and Gilbert Ling and Gerard,
were the first to report the routine use of KCI-filled fine microelectrodes for the study of the
membrane potentials of muscle cells (Graham and Gerard, 1946; Ling and Gerard, 1949).
Microelectrodes then became known as “Ling-Gerard” electrodes, although Edwards (1983)
proposed the term “Graham-Ling-Gerard” electrodes because Graham (later Graham Pool)
was instrumental in the making of these electrodes, which were needed for her PhD thesis
work. Having diameters < 1 pm, these electrodes can reasonably be called sharp
microelectrodes. Ling perfected this technique and taught it to others, including Karl Frank
(1916-1993), Hodgkin, and Walter Woodbury (W. Rall, personal communication).

The above work led inevitably to the study of CNS neurons by the use of intracellular
recording techniques. In June 1952 at the Cold Spring Harbor (NY, USA) Symposium “The
Neuron”, many of the participating scientists were in the process of forming the basic
foundation of modern neuroscience. Five of the attendees went on to receive Nobel Prizes,
including Eccles, Hodgkin and Huxley in 1963, Keffer Hartline (1903-1983) in 1967, and

Prog Neurobiol. Author manuscript; available in PMC 2016 October 12.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Brownstone

Page 6

Bernard Katz (1911-2002) in 1970. Two consecutive presentations at that meeting reported
the use of glass micropipettes for recording intracellular potentials from spinal motoneurons.
The first, by Eccles, was entitled “The electrophysiological properties of the motoneuron”
(Eccles, 1952) and the second, by Woodbury and Harry Patton (1918-2002), was entitled
“Electrical activity of single spinal cord elements (Woodbury and Patton, 1952).” Although
Eccles at that time was in the process of moving to the Australian National University,
Canberra, AUS, the experiments he reported on had been carried out in Dunedin, NZL, with
the initial results reported in the Proceedings of the University of Otaga Medical School
(Brock et al., 1951a; Fig. 2).

Woodbury and Patton did their work far away from Dunedin in Seattle, USA. They
referenced the Brock et al. (1951a,b) report in their Cold Spring Harbor paper. Interestingly,
Eccles, himself, did not reference his own report of 1951. Of note, this symposium was also
Eccles’ first exposure to the squid axon AP model of Hodgkin and Huxley, which apparently
had great impact on him. For example, Wilfred Rall communicated to me “I remember his
excited reporting to us when he returned to Dunedin after this meeting. He was so impressed
that he included much of H&H in the lectures he presented (and published) in Oxford, only a
year later; he made use of prepublication access to the classical (J. Physiol (Lond)) H&H
papers. It is clear that he actively associated himself with H&H.”

In addition to the reports referenced below, the following information was obtained in 2005-
2006 discussions and correspondence with Dexter Easton, Wilfred Rall, and David Curtis.
Having been offered a lectureship by Eccles, Rall moved to Dunedin from Chicago in 1949
(for an autobiographical account, see Rall, 1992). Rall participated in experiments with
Eccles, but his thesis work was under the mentorship of Archibald (“Archie”) Mcintyre
(1913-2002). These experiments involved extracellular recordings “ . . . to explore
posttetanic potentiation and to elucidate the reflex effects of different afferent fibers in
muscle nerve” (p. 218 in Rall, 1992; see also Brock et al., 1951b; Eccles and Rall, 1950,
1951a,b). Rall, feeling the need to establish his independence, did not participate in the
experiments involving intracellular recording. In 1950, Easton arrived at the University of
Otaga from Seattle, USA on a postdoctoral Fullbright fellowship. He reported that
Woodbury and Patton were developing intracellular recording techniques in Seattle.
Woodbury had learned microelectrode techniques directly from Ling and had also worked
with Henry Eyring (1901-1981), a renowned physical chemist. Patton traced his scientific
lineage to Sherrington, having trained with Theodore Ruch (1906-1983), who had trained
with both Sherrington and Fulton (see Stuart et al., 2001). Woodbury and Patton were
undoubtedly inspired by Eccles’ earlier work recording extracellular field potentials in the
spinal cord. There may have also been rumors that Eccles was pursuing intracellular
recording at that time. They therefore enthusiastically pursued this challenge and succeeded,
even though this enthusiasm did not persist following their initial report. Rather, they moved
on to their primary subsequent interests: Woodbury in neuropharmacology and Patton in the
sensorimotor cortex.

There were a number of factors that seemingly inspired Eccles to pursue intracellular
recordings as a means to study motoneurons. He had begun to use insulated metal electrodes
to record extracellular action and synaptic potentials in motor pools in 1946 (Brooks and
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Eccles, 1947). He was also very aware of the work of Hodgkin and Huxley as well as Katz’s
initial intracellular muscle recordings, which provided a basis on which to consider this
technique for recording from motoneurons /n vivo. Another factor that may have focused
Eccles’ competitive spirit on this technique was Easton’s reports in Dunedin in late 1950 of
Woodbury and Patton’s progress in Seattle. Lawrence Brock (1923-1996) was then assigned
the task of developing the microelectrodes. The electronic equipment available to Eccles at
that time, however, was not suitable for the task at hand, which required the use of high
impedance recording microelectrodes. Fortunately, there was a relatively young lecturer in
the Department of Physics at that time, John Coombs (1917-1993), whom Eccles recruited
to aid in this endeavour. Coombs “was enthusiastic to become involved in
neurophysiological research, (and) joined the Dept. of Physiology” (David Curtis, personal
communication). Coombs later moved to Canberra with Eccles in late 1952. Coombs based
the input stage of a new amplifier on a circuit diagram that had been designed by Jan
Ténnies (1902-1970) and given to Mclntyre by his former collaborator, David Lloyd (1911-
1985) of the Rockefeller Institute, USA. Mclintyre already had one built in Dunedin by an
electronics technician (W. Rall, personal communication). Eccles initially used Mclintyre’s
experimental set up (see footnote 4 in Stuart and Pierce, 2006), and Coombs improved on
the amplifier design, as well as the design of much of the electronics in the laboratory (see
also Curtis and Andersen, 2001; Burke, 2006; Willis, 2006). Curtis communicated the
following on Coombs’ contributions: “In Dunedin, in addition to a cathode follower input
stage, and direct and capacity-coupled amplifiers, he designed a most versatile electronic
stimulating and recording unit based on thermionic ‘valves’ and including a double beam
CRT having a linear time base and the facility for sweep expansion. Three electrical pulses
were provided, independently controlled for amplitude, duration and timing along the CRT
sweep, for stimulating the same or different nerves via RF isolation transmitters. (I
continued to use the stimulator portion of one of these in Canberra until 1985 . . .).”
Coombs’ general design for microelectrode recording and dual cathode ray tube display is
illustrated in Brock et al. (1952). With the new amplifier and the perfection of sharp
microelectrodes, Eccles was able to pursue the study of CNS excitatory and inhibitory
synapses, which, as can be seen in these pages, was central to his subsequent scientific
accomplishments.

Of note, it wasn’t until a few years later that amplifiers were designed so that current could
be passed through the recording microelectrode in order to determine the effect of changes
in membrane potential on action and synaptic potentials. Eccles and colleagues initially used
double-barrelled microelectrodes for this purpose, fabricated by Paul Fatt (Coombs et al.,
1953). Tatsunosuke Araki (1926-1985) and Takuzo Otani later described a Wheatstone
bridge circuit, with which they were able to pass current through the same, single-barrelled
electrode used for recording (Araki and Otani, 1955). Concurrent with this, Coombs and
Curtis, the latter as part of his PhD research, had developed a similar bridge circuit for use
with single and double electrodes (Coombs et al., 1956, 1959; Curtis and Eccles, 1959). The
first single electrode voltage-clamp circuit was not developed for another quarter century
(Finkel and Redman, 1983a,b).

It would seem that intracellular recording techniques for the study of mammalian spinal
neurons were developed relatively simultaneously (and competitively) in Seattle and
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Dunedin in the early 1950s. For this reason, both groups are generally given credit for the
first use of intracellular microelectrodes in the study of neurons in the vertebrate CNS.

It is interesting to note just how much these two groups described in their reports at the 1952
Cold Spring Harbor Symposium. Eccles described the resting potential of motoneurons
(average 70 mV) and recognized that “ . . . the recorded value would be lowered by all
defects of the experiment due to injury of the neuron and leakage of current when the micro-
electrode fails to self-seal in the membrane” (p. 177 in Eccles, 1952). He proceeded to
describe the spike component of the AP (rate of rise at least 500 V/s, overshoot of at least 35
mV, rate of decline of 250 V/s) and the “positive” afterpotential, which was later termed the
AHP. He also described some excitatory and inhibitory synaptic responses (Eccles, 1952).
Woodbury and Patton recorded from a number of different types of spinal cord neurons at
various depths in the spinal cord, including the ventral horn (Woodbury and Patton, 1952).
Their specific values differed somewhat from those of Eccles, but they, too, recorded reflex
responses in ventral horn neurons as well as antidromic spike potentials (which they
differentiated into what were later shown to be the initial segment versus somatodendritic
components of the spike; see Frank et al., 1959). Subsequently, Eccles focused on the spike
potential and excitatory and inhibitory synaptic potentials in motoneurons (e.g., Coombs et
al., 1955a,b,c,d). He did not return to the study of the repetitive firing of motoneurons.

5. Early intracellular investigations of repetitive firing (1958-1975)

Following the demonstration that intracellular recording techniques could be used to study
cat spinal motoneurons, this preparation became the favored one in many laboratories for the
investigation of motoneuron properties as well as synaptic transmission. Kolmodin and
Skoglund (1958) studied repetitive firing during asynchronous synaptic excitation and
demonstrated that changing the sensory input (by changing limb position) resulted in
changes in the frequency of motoneuronal discharge. They also demonstrated that the
voltage threshold for initiation of APs remained constant at any firing rate for any particular
motoneuron. When the synaptic excitation increased and the firing rate increased, however,
this threshold became more depolarized. There was approximately a linear relationship
between threshold and firing rate. They also found that the post-spike AHP was significantly
reduced in amplitude with increasing frequency of firing.

With direct impalement of the cell (usually its soma) the motoneuron could be stimulated by
using intracellular depolarizing current injection rather than by synaptic excitation. This in
turn led to the ability to investigate the autonomous repetitive firing properties of
motoneurons. These initial studies were carried out in large part by Daniel Kernell, initially
with Granit at the Karolinska Institute in Stockholm, SWE. In particular, two fundamental
characteristics of repetitive firing were illustrated: spike frequency adaptation and the
relationship between firing frequency and injected current (the £/relation).

Granit and colleagues found that when subjected to constant intracellular current injection,
motoneurons would fire repetitively with a characteristic pattern. The rate of firing would
decrease over the first several spikes before reaching a relatively steady state of firing
(Granit et al., 1963b). This slowing of the firing rate has subsequently come to be known as
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spike frequency adaptation (SFA; see Section 7). Granit and colleagues also demonstrated
that the firing frequency of motoneurons increased in a linear or bilinear (Fig. 3) fashion
with increasing depolarizing current injection (Granit et al., 1963a,b).

Fig. 3 shows that in “primary range” firing, motoneurons began to discharge at their lowest
rate (found later to be related to the duration of the AP’s AHP; see below), which increased
with current up to a mean of 52 Hz (range 30-74 Hz; Kernell, 1965d), with a mean slope of
1.9 Hz/nA (range 0.4-4.5 Hz/nA) (Kernell, 1965a). With increasing depolarizing current
injection, the slope of the £//relation in ~50% of the tested motoneurons increased abruptly
to 4.6 Hz/nA (range 4.0-7.5 Hz/nA) (Kernell, 1965b). This second linear phase was termed
the “secondary range”. Later, Peter Schwindt described a “tertiary range,” the slope of which
could either be higher or lower than that of secondary range firing (Schwindt, 1973).

Kernell suspected that the secondary range was seen only in neurons that were less damaged
by microelectrode impalement and had a more hyperpolarized resting membrane potential
(Kernell, 1965b). Furthermore, this characteristic relation was seen whether the plot
concerned the instantaneous firing frequency represented in the first interspike interval, or
the steady-state firing during the later phase of the spike train. With first-interval firing,
however, the slopes of both the primary and secondary ranges were greater than in steady-
state firing, but the transition frequency from primary to secondary range remained constant
(Fig. 3B) (Kernell, 1965b). When studying the first interspike interval, secondary range
firing was seen even in those neurons that did not exhibit a secondary range during steady-
state firing. Kernell suggested that neurons damaged by impalement could simply not
sustain secondary range firing. This study provided an excellent descriptive analysis of
repetitive firing. Kernell concluded, however, that it was “ . . . difficult at the present time to
give a good theoretical explanation of the facts presented by the above investigations
because relatively little is known about the membrane properties of motoneurons and the
complicated mechanisms taking part in the production of a repetitive discharge” (p. 83 in
Kernell, 1965b).

Kernell also noted consistent changes in the time course of the AHP with changes in firing
rate evoked by intracellular current stimulation and suggested that the AHP was a key
mechanism controlling firing rate (Kernell, 1965b). He also suggested that the time course of
the AHP reflected the “functional state” of the motoneuron. As will be seen below in
Sections 8 and 9, the AHP can indeed be modulated during motor behavior.

As mentioned above, secondary range firing was not always present in these early studies,
which were carried out in barbiturate-anesthetised cats. Kernell attributed this to possible
damage by the impaling microelectrode (Kernell, 1965b). Subsequently, Baldissera and
Gustafsson (1971b) found that there was no secondary range firing following acute
transection of the spinal cord in pentobarbitone-anesthetised cats. This contrasted with
anemically decorticated, pentobarbitone-anesthetised cats in which secondary range firing
was present. They suggested that the difference was related to a descending mechanism that
decreased the AHP conductance which, when interrupted by spinalization, led to an increase
in the AHP. This, in turn, prevented secondary range firing. Their suggestion was in keeping
with Kernell’s earlier concept that the AHP reflected the functional state of the motoneuron.
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An important question then arose: to what degree does current injected through the
microelectrode reflect the synaptic activation of motoneurons? Several investigators
subsequently made use of the linear £/ relation to propose that if steady synaptic excitation
(or inhibition) was equivalent to the current injected through the microelectrode, then there
would simply be a leftward (excitatory effect) or rightward (inhibitory effect) shift of the £/
curve, without a change in its slope. Several such experiments were conducted, and the
results were mixed. Granit and colleagues found that segmental excitation and inhibition
would summate algebraically with injected current (Granit et al., 1966a,b). This finding was
supported by Schwindt and Calvin (1973), who demonstrated that tonic excitation of
motoneurons through stimulation of either segmental afferents or the red nucleus led to a
shift of the £/relation in the absence of a change of slope of either the primary or secondary
range. They went on to calculate the amount of current provided by the synaptic input based
on the extent to which the £/ curve shifted. Their results led the authors to conclude that the
mechanisms of action of the two forms of excitation were similar, and that only the “net
driving current” was important in the production of repetitive firing. Several deviations from
these findings of algebraic summation of injected and synaptically evoked current were
found, however. Although Aleksandr Shapovalov (1932-1983) and colleagues showed that
the excitation provided to motoneurons by vestibular stimulation added to the injected
current, they also demonstrated that similarly evoked hyperpolarizing synaptic current did
not summate algebraically, but rather reduced the slope of the £//relation (Shapovalov et al.,
1966). They presented evidence that the descending excitation was operating on the
motoneuron’s dendrites whereas the descending inhibition was operating closer to the soma.
They did not provide, however, a clear explanation for the non-algebraic summation of
inhibitory synaptic current. They may have considered that this reduction in /~/slope was
secondary to a decrease in somatic membrane resistance associated with the more proximal
location of the inhibitory inputs. In an earlier study, Kernell had found that synaptic current
provided by stimulating the ipsilateral brain stem in the region of the red nucleus or by
stimulating a peripheral hindlimb nerve, did not necessarily sum algebraically with the
injected current (Kernell, 1965d).

Another interesting finding from this era was that secondary range firing was sometimes
seen in motoneurons stimulated with combined synaptic and intracellular stimulation when
it was not present with intracellular stimulation alone (Granit et al., 1966a,b). These
deviations from the primary—secondary range hypothesis must indicate that in some
situations, injected current does not necessarily provide the same stimulus to motoneurons as
does synaptic current (see Section 6).

After noting that small fluctuations of membrane potential (synaptic “noise”) did little to
alter firing rate in the primary range and that large changes in synaptic current often added
algebraically with current injected into the motoneuron, Schwindt (1973) postulated that the
purpose of the primary range was to maintain “a regular, rhythmic discharge in the face of
potentially perturbing influences such as synaptic noise and accommaodation” (p. 448). He
also postulated that the secondary range occurred “only transiently under sustained synaptic
input” (p. 447) and perhaps has “little functional significance” (p. 444).
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In summary, by the mid-1970s, some basic repetitive firing properties of spinal motoneurons
had been discovered. In particular, such cells were found for the most part to have a bilinear
F/relation, and their AHP was found to be important in the regulation of the interspike
interval of spike trains. Furthermore, there were suggestions that although at times synaptic
current seemed to have the same effect as current injected through the microelectrode, there
were situations when this was not necessarily so. Note that to this point, there had been no
consideration of the effects of motoneuron dendrites on repetitive firing.

6. The role of motoneuron dendrites in repetitive firing

On this issue, it is valuable to first briefly examine early thinking about motoneuron
dendrites. Shortly after the development of intracellular recording and stimulation
techniques, it was noted that in spinal motoneurons the trajectory of the rise and fall of the
membrane potential in response to rectangular current injection (Araki and Otani, 1955;
Coombs et al., 1956), the strength—latency curve (Frank and Fuortes, 1956), and the decay of
EPSPs and IPSPs (Coombs et al., 1956) were all close to having an exponential profile.
These effects were related to the membrane time constant. Noting that there were differences
in the decay trajectories of EPSPs and IPSPS, and that these decays were not purely
exponential, Eccles and colleagues concluded that the slower decays of EPSPs resulted from
the “prolonged residuum of excitatory transmitter action” (p. 1050 in Coombs et al., 1956).
Rall showed, however, that the change in membrane potential resulting from constant current
injection did not follow a single exponential (Rall, 1957). He demonstrated that the
transients could be described if one takes into account the cable properties of dendrites.
Initially, this interpretation was accepted by Frank and Michelangelo Fuortes (1917-1977)
and by Araki and Otani, but not by Eccles (W. Rall, personal communication). Rall’s first
full theoretical analysis was published subsequently (Rall, 1959, 1960). He studied cable
properties much further, however, and was subsequently involved in two of a landmark
series of five papers on synaptic potentials in motoneurons, which were published
consecutively (see in their order: Smith et al., 1967; Nelson and Frank, 1967; Burke, 1967;
Rall, 1967; Rall et al., 1967). The effects of dendritic cable properties on synaptic potentials
were described in these publications. It was only after their publication that Eccles began to
appreciate that the properties of dendrites contributed to synaptic integration (W. Rall,
personal communication; see also Burke, 2006). Following publication of these papers,
increasing consideration was given to the role of the passive cable properties of dendrites in
synaptic integration. Nevertheless, dendrites were still thought to behave passively.
Therefore, and in light of the experiments of Kernell, Gustafsson, Shapovalov, and Schwindt
described above, it was not until much later that dendritic properties were thought to
contribute significantly to the repetitive firing properties of motoneurons.

Hultborn and colleagues had noted in the 1970s that following brief stimuli applied to
homonymous spindle la afferents, motoneurons in decerebrate cats would fire for prolonged
periods of time at very steady rates (Hultborn et al., 1975). This firing could be terminated
by stimulating a peripheral nerve supplying the antagonist muscle. At that time, they
attributed the sustained firing to reverberating activity in excitatory circuits. Shortly
thereafter, in two-electrode voltage clamp experiments in anesthetised cats, Schwindt and
Wayne Crill described a region of negative slope conductance in the current-voltage relation
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of motoneurons (Schwindt and Crill, 1977). This current was usually not a net inward
current. They speculated at that time that this “persistent inward current” (later called a PIC)
could have a role in the amplification of synaptic inputs. Interestingly, they also illustrated
sustained firing following depolarizing current injection, although they stated that they did
not study this thoroughly. Schwindt and Crill also studied motoneuron membrane properties
following administration of penicillin, which led to “spinal seizures,” and found that this
current could lead to “self-sustained firing” (Schwindt and Crill, 1980a). That is, in the
presence of penicillin, they observed that a short-lasting depolarizing current pulse could
produce sustained repetitive firing, which could be terminated by a hyperpolarizing pulse.
The PIC was maximal 10-30 mV positive to rest (Schwindt and Crill, 1980c). They
concluded that the PIC was generated “on or near the soma” (p. 827 in Schwindt and Crill,
1980b). In addition, they provided evidence that the PICs were mediated by a calcium
conductance (Schwindt and Crill, 1980a,b,c). Subsequently, Hultborn and colleagues used
intracellular recording techniques to demonstrate that the prolonged firing in response to
transient reflex activation was produced intrinsically in the motoneuron by an all-or-none
plateau depolarization (Fig. 4; Hounsgaard et al., 1984). They found that they could produce
this effect not only by stimulating afferent input but also by stimulating motoneurons with
intracellular depolarizing current injection. Similarly, hyperpolarizing current injection
could terminate the plateau. When injecting a ramp depolarizing—repolarizing pattern of
current injection, they further noted that the frequency—current relation was hysteretic. That
is, the firing rate during the repolarizing ramp was faster than at the equivalent current
during the depolarizing ramp. Finally, they demonstrated that this “bistable” membrane
potential could not be produced following acute spinalization. Injection of 5-hydroxy-
tryptophan (a precursor for serotonin), however, led to the re-emergence of this behavior
(Hounsgaard et al., 1986).

Given the large number of published reports using intracellular recording and stimulation of
motoneurons in the preceding three decades, it is curious that plateau potentials had not been
described previously. Recognizing that activity in descending serotonergic pathways was
decreased in the commonly used anesthetised cat preparation (Engberg et al., 1968),
Hultborn and colleagues attempted to evoke plateau potentials in this preparation, but were
unable to do so. Following administration of 5-HTP to enhance serotonergic transmission, or
clonidine to mimic noradrenergic transmission, however, plateau potentials could indeed be
evoked in anesthetised animals (Conway et al., 1988; Crone et al., 1988; Hounsgaard et al.,
1988). The conclusion drawn from these experiments was that monoamines are required for
expression of plateau potentials.

Taking the results of Schwindt and Crill and the Hultborn group together, it became clear
that there were situations in which the PIC was net inward and the region of negative slope
conductance, which was seen as an N-shaped ~ V/curve, crossed the abscissa with a positive
slope at two voltages (Schwindt and Crill, 1977, 1980a,b,c). These two voltages would be
stable in two states: at the resting membrane potential and the plateau potential. These
situations could occur by the application of drugs (penicillin or potassium channel blockers
(Schwindt and Crill, 1980a,b,c)) or neuromodulators (Hounsgaard et al., 1986). That is,
plateau potentials and thus PICs in motoneurons are regulated properties.
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Jorn Hounsgaard and Ole Kiehn went on to study this phenomenon further in turtle
motoneurons. By using an /n vitro preparation, they were able to demonstrate conclusively
that plateau potentials were mediated by calcium conductances (Hounsgaard and Kiehn,
1985). Furthermore, they demonstrated that these were dihydropyridine-sensitive calcium
conductances (Hounsgaard and Kiehn, 1989). That is, plateau potentials in turtle
motoneurons are mediated by the L-type (Cay1) family of calcium conductances, which are
relatively non-inactivating. Hounsgaard and colleagues later demonstrated in the turtle that
activation of metabotropic receptors other than monoaminergic receptors, including
metabotropic glutamate receptors and muscarinic receptors, could also lead to activation of
plateau potentials (Svirskis and Hounsgaard, 1998). In contrast, in my own laboratory, we
have been unable to evoke plateau potentials in mouse motoneurons by activation of
muscarinic receptors (Miles and Brownstone, unpublished).

An unresolved issue is where on the motoneuron membrane these calcium conductances are
located. Schwindt and Crill (1980b) had suggested originally that they were of somatic or
proximal dendritic location. Aron Gutman (1936-1999) reanalyzed the published data of
Schwindt and colleagues, presumably using the figures in their papers. In an elegant paper,
Gutman (1991) provided extremely convincing evidence that the calcium channels
underlying plateau potentials are located in motoneuronal dendrites. Hounsgaard and Kiehn
(1993) then showed that in the turtle, differential depolarization of the dendrites could
induce plateau potentials, which finding was consistent with Gutman’s argument. After
Charles (“C.J.”) Heckman and Robert Lee demonstrated that the synaptic current evoked by
group la afferent stimulation was enhanced by methoxamine application (which can lead to
plateau potentials; Lee & Heckman, 1996), David Bennett together with Hultborn and
colleagues demonstrated that the threshold current for activating plateau potentials was
much lower when the motoneurons were synaptically activated by la afferent stimulation.
This finding was consistent with activation of these currents near the site of the synaptic
input, i.e., on the dendrites (Bennett et al., 1998). Using somatic voltage clamp of mouse
motoneurons in spinal cord slice preparations (Carlin et al., 2000a), we demonstrated
delayed inward currents in response to step depolarizations and suggested that the delay was
caused by the dendritic location of the conductances (Carlin et al., 2000b; see also Booth
and Rinzel, 1995; Booth et al., 1997; Muller and Lux, 1993). In addition, using triangular
current injections, we demonstrated that these currents were non-inactivating and
dihydropyridine-sensitive and thus equated these conductances with those underlying
plateau potentials. Further, we provided immunohistochemical evidence of Cay/1.3 channels
on the dendrites of mouse motoneurons (Carlin et al., 2000b), a finding that was later
replicated in the turtle (Simon et al., 2003). Taken together, these studies clearly
demonstrated that PICs originate from dendritic conductances.

Modeling studies have also supported the presence of Cay/1-type channels on the dendrites
and have led to the suggestion that these channels have relatively low voltages of activation
(Booth et al., 1997; Elbasiouny et al., 2005; Bui et al., 2006). It is important to appreciate,
however, that given the inaccessibility of these channels to voltage clamp studies (see Carlin
et al., 2000b), the biophysical properties of these channels are not known. Although the
immunohistochemical data support the presence of Cay/1.3 channels on dendritic
membranes (Carlin et al., 2000b), this is based on the presence of the a11.3 subunit. The
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voltage of activation of the channels will depend also on the g and a6 subunits (Williams et
al., 1992; Tomlinson et al., 1993), neither of which have yet been identified and classified in
motoneurons. Therefore, caution should be exercised in attributing specific biophysical
properties to these channels.

There is recent evidence that PICs include tetrodotoxin(TTX)-sensitive “persistent” sodium
currents(Lee & Heckman,2001; Li and Bennett, 2003; for a similar finding on brainstem
motoneurons, see Nishimura et al., 1989; Hsiao et al., 1998). Li and Bennett (2003)
demonstrated inward currents seen during slow ramp depolarizations that were insensitive to
dihydropridines and blocked by TTX. It is known that some Nay, subtypes mediate sodium
currents with slower time constants of inactivation (Do and Bean, 2004), but the specific
subtype of Nay, channel which may underlie a Na-PIC is not yet clear. These currents are
unlikely to be “persistent” or non-inactivating per se and are more likely to be slowly
inactivating (Doand Bean, 2004). Therefore, although the term “PIC” may not be accurate to
describe these latter currents, their activation can certainly contribute to the amplification of
synaptic input, at least transiently. Furthermore, it has recently been demonstrated that Nay,
channels can be modulated by protein kinase A (PKA) and protein kinase C (PKC) (Chen et
al., 2006). This would give the CNS another mechanism to control the input gain in
motoneurons. The contribution of Nay, channels to SFA (Section 7) and the apparent
modulation of Nay, channels during locomotor activity (Section 8) bring to the forefront the
apparent importance of these channels in the production of motor behaviors.

In summary, it is likely that at least two types of channels underlie PICs: dendritic Cay/1 and
Nay, channels. The properties of both are modulated by intrinsic signaling pathways in the
CNS. PICs amplify synaptic input in both amplitude and time and therefore contribute to the
repetitive firing properties of spinal motoneurons. Further details on dendritic PICs have
recently been reviewed (Heckman et al., 2003). Here, the focus is next on the effects of these
currents on repetitive firing.

It is now clear that motoneurons are indeed “rhythmic centres” (Eccles and Hoff, 1932) and
require an appropriate amount of inward current in order to produce an appropriate motor
output. Randall Powers and Marc Binder measured the somatic “effective synaptic current”
of various synaptic inputs to motoneurons using a modified voltage clamp technique
(Powers and Binder, 1995, 2000). They determined that there were conditions in which the
synaptic currents they measured were amplified by voltage-gated channels in order to
produce the observed rates of repetitive firing. In Timothy Cope’s laboratory, Prather et al.
(2001) studied the effects of synaptic input on the #~/relation in motoneurons in the
decerebrate cat and demonstrated that there was amplification of two different excitatory
inputs. Using computer models, the Kenneth Rose group concluded that PICs are necessary
to amplify synaptic input to motoneurons in order to ensure that they fire at the rates needed
to accomplish movement (Cushing et al., 2005). This led to the suggestion that the primary
role of PICs was to amplify synaptic input. This, in turn, led to this question: do PICs
mediate an all-or-none phenomenon leading to plateau potentials, or can they be a variable-
gain mechanism for amplifying synaptic input?
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Prather et al. (2001) demonstrated that when two inputs to a motoneuron were stimulated
together, their amplified current summated linearly. If these inputs are to the same dendrites,
and if there is a variable gain, one might expect to see an increase in the slope of the £/
relation when both pathways were stimulated. This was not seen, however, by Prather et al.
(2001). Next, Hultborn and colleagues systematically studied the specific question of
variable gain (Hultborn et al., 2003). They stimulated the pyramidal tract periodically during
ramp current injections and noted that the greater the baseline depolarization, the greater the
increase in firing rate. That is, there was no all-or-none jump to an increased firing rate, as
one would expect with the initial view of a plateau potential, but rather a graded increase in
the amplification of the excitatory synaptic input. The authors interpreted their data as
demonstrating that in primary range firing (at the relatively more hyperpolarized potentials
during the initial phase of the ramp stimulation), there was little or no activation of the PICs
and therefore a fixed increase in firing frequency with stimulation. As the depolarization
increased during the ramp, the excitatory input would activate a PIC in the region of the
synaptic contacts. The PIC would amplify the input and thus lead to secondary range firing.
This increase would be seen as an increase in the change in the firing rate compared to pre-
stimulation. The investigators showed that this effect was graded and took this as evidence
that there was increasing activation of the PIC with increasing underlying depolarization.
That is, the PIC could indeed provide a variable-gain amplification of synaptic excitation.
Furthermore, they showed that stimulation of inhibitory inputs (such as recurrent inhibition)
only slightly reduced the repetitive firing evoked by a current pulse, but the same stimulation
significantly reduced repetitive firing evoked by synaptic excitation. The authors took this as
indicating that the pyramidal tract stimulation directly activated PICs (on the dendrites), and
the inhibition (distributed throughout the dendritic tree) would thus prevent this activation.
In retrospect, this explanation could also be applied to our earlier finding that a small
amount of hyperpolarizing current could eliminate motoneuronal repetitive firing during
fictive locomotion (Brownstone et al., 1992; see Section 8).

In a recent modeling study, the relationship of PICs to synaptic input was analyzed
(Elbasiouny et al., 2006). In agreement with the Hultborn et al. (2003) study, these
investigators found that primary range firing was associated with dendritic voltages that
were more hyperpolarized than those required to activate PICs. Once PICs were activated,
the £/relation became steeper; i.e., firing moved into the secondary range. At even more
depolarized voltages, saturation of PICs led to a flattening of the £/slope, which the
investigators equated with “tertiary range” firing. These authors therefore agreed with the
Hultborn et al. (2003) conclusion that PICs provide variable-gain amplification of synaptic
input. Interestingly, however, the model also showed that blocking the AHP resulted in PIC
activation in an all-or-none fashion (Elbasiouny et al., 2006). It is known that modulation of
the AHP results in changes in the slope of the £//relation (which reflects the gain).
Furthermore, it has been shown that the AHP is reduced in motoneurons during fictive
locomotion, during which motoneurons often seem to fire in an all-or-none fashion
(Brownstone et al., 1992; see Section 8).

The above experimental and modeling studies suggest that the CNS can not only directly
modulate PICs but also change the gain of synaptic input to motoneurons by modulating
other channels, such as the SK channels producing the AHP (see Section 8).
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It bears emphasis that the firing properties discussed above are unlikely to be artifacts of the
experimental paradigm. In awake rats, for example, Monica Gorassini, together with
Hultborn and colleagues demonstrated that sinusoidal stretches of muscle led to some motor
units exhibiting an on-off phenomenon which, based on the activity of all the recorded units,
could not be attributed simply to an increase in synaptic drive to the motor pool (Gorassini et
al., 1999). Furthermore, phasically firing motor units exhibited more discharge during
muscle lengthening than during muscle shortening, as opposed to tonically firing motor
units, whose firing rates were modulated seemingly passively by muscle stretch. The authors
argued that their results showed that plateau potentials were recruited (and de-recruited) in
the phasically firing motoneurons, whereas the tonically firing neurons varied their firing
rates in the presence of an already-recruited and sustained plateau potential.

Recent studies have also examined the contribution of PICs to the pathophysiology of motor
activity as seen, for example, following spinal cord injury. Bennett and colleagues
introduced a model of chronic spinal cord injury, in which the sacral spinal cord was
transected in 2-month-old rats (Bennett et al., 1999). Over the subsequent 2 months, these
rats developed spastic movements of their tail without the additional problems associated
with paraplegia (including bladder and bowel dysfunction). The spinal cord could then be
removed and motoneuron properties studied /n vitro. In the acutely transected spinal cord,
PICs are not present in either cat lumbar motoneurons (Hounsgaard et al., 1988) or rat sacral
motoneurons (Bennett et al., 2001). Following chronic injury, however, Bennett et al. (2001)
showed that PICs are readily expressed. They attributed this, at least in part, to a developed
hypersensitivity of motoneurons to serotonin. Data have also been presented demonstrating
that PICs likely play a role in motoneuron firing in humans following spinal cord injury
(Gorassini et al., 2004; see also Hornby et al., 2003; Nickolls et al., 2004) and possibly in
other conditions, such as cramps (Baldissera et al., 1991). These studies suggest that while
the development of spasticity following spinal cord injury is multifactorial (involving, e.g., a
variety of interneuronal pathways), the plasticity of motoneuron properties in this
pathophysiological process must also be considered.

7. Spike frequency adaptation

Spike frequency adaptation (SFA) is defined as the decrease in firing rate of motoneurons in
response to a constant, rectangular-shaped suprathreshold input. It has at least two phases.
The first, termed early SFA, is a slowing of firing rate seen over the first few hundred
milliseconds (Granit et al., 1963b; Kernell, 1965d). The second phase is termed late SFA. It
follows early SFA, and it occurs over many tens of seconds or even minutes (Kernell and
Monster, 1982b; Spielmann et al., 1993). Some studies discuss three phases of SFA, with the
addition of an “immediate” phase occurring over the first few spikes of a repetitive train
(Sawczuk et al., 1995). Although this phenomenology has been known for quite some time,
there are still several incompletely answered questions. Is there an advantage to this firing
pattern with respect to efficient muscle contraction? What are the biophysical processes
underlying these phases of SFA? Are these processes modulatable by neurochemicals found
in the spinal cord? Is SFA modulated during behavior? The first three of these questions are
addressed in this section, and the fourth will be discussed in Section 8.
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The relationship between SFA and muscle contraction was studied by Stein and Parmiggiani
(1979). They used extracellular repetitive stimulation of motor nerves and found that the
pattern of stimulation most optimal to produce efficient muscle contraction consisted of a
short first interspike interval followed by longer subsequent intervals. This led to a more
rapid rise in muscle tension, which could then be sustained by the lower stimulation
frequencies. This stimulus pattern is similar to the firing pattern that results from
rectangular-shaped intracellular stimulation. This similarity, together with previous findings
of brief duration first interspike intervals during human motor unit discharge (Norris and
Gasteiger, 1955) led the authors to conclude that ** . . . motoneurons appear to be remarkably
well designed by evolution and developmental factors to generate optimal patterns for
activating the muscles they innervate” (p. 376 in Stein and Parmiggiani, 1979). Although a
role for late SFA has not been established, there has been suggestion that it is a contributing
factor in muscle fatigue (Kernell and Monster, 1982b; Gandevia, 2001).

Studies on the biophysical processes underlying early SFA were undertaken by Baldissera
and Gustafsson (1971a, 1974a,b,c). Cognizant of the earlier finding that post-spike AHPs
summated with successive APs (Ito and Oshima, 1962), they showed that the AHP
conductance in motoneurons was indeed greater when two APs were elicited at short
interval. They used their conductance measurements in a motoneuron model that replicated
the early SFA profile (Baldissera et al., 1973; Baldissera and Gustafsson, 1974b). This
finding was supported by another modeling study (Kernell, 1968, 1972; Kernell and
Sjoholm, 1973). Although the focus continued to be on AHP conductance summation,
subsequent investigators considered other processes, particularly in studies on brainstem
motoneurons, where the AHP conductance was found to contribute to the early but not later
phases of SFA (Sawczuk et al., 1997; Powers et al., 1999; Viana et al., 1993). Studies in
neurons of the substantia gelatinosa (Melnick et al., 2004), dorsal root ganglion cells (Blair
and Bean, 2003), neocortical neurons (Fleidervish et al., 1996), and hypoglossal
motoneurons (Powers et al., 1999) demonstrated that SFA was not necessarily dependent on
the AHP and led to the suggestion that the slow inactivation of sodium currents may be a
contributing factor.

Our own studies on embryonic stem cell-derived motoneurons found that these neurons in
many ways resembled motoneurons (Miles et al., 2004; Soundararajan et al., 2006). These
cells demonstrated early SFA, yet were found not to have a measurable AHP conductance
(Miles et al., 2004). This prompted us to study SFA in endogenous mouse motoneurons in
spinal slices. We found that blocking various AHP conductances, calcium currents, or the
M-current did not affect SFA. After measuring the slow inactivation properties of sodium
channels, we modeled this property and demonstrated that SFA in the model had the same
properties as those of the endogenous motoneurons. This led us to conclude that slow
inactivation of the fast inactivating sodium conductance is a key contributing factor to early
SFA in mammalian spinal motoneurons (Miles et al., 2005).

The mechanisms underlying late SFA are not clear but it is conceivable that because fast
inactivating sodium channels can have many time constants of inactivation, including some
quite slow ones, their inactivation may also contributes to late SFA.
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It is much more difficult to address the third question regarding whether the processes
underlying SFA can be modulated by neuromodulators found in the spinal cord. In light of
the above, this question can now be rephrased: can sodium channel inactivation properties be
modulated? Although this question has not yet been addressed in motoneurons, a recent
study has indeed found that slow inactivation properties of Nay, channels can be regulated by
PKA and PKC (Chen et al., 2006). Furthermore, since PKA and PKC can be regulated by
many neuromodulators, including those found in the spinal cord (e.g., serotonin), it seems
reasonable that slow inactivation of sodium conductances, and hence SFA, could be
modulated in spinal motoneurons. Furthermore, if the AHP conductance does contribute in
any way to SFA, it is clear that this conductance can also be regulated by neuromodulators.

In summary, early and late SFA are fundamental properties of spinal motoneurons. Slow
inactivation of fast inactivating sodium channels appears to play an important role in at least
early SFA, and it is a property that conceivably can be modulated by the CNS to regulate
motoneuron discharge.

8. State-dependence of motoneuron properties: modulation during
behavior

Motoneuron firing patterns have been studied in behaving cats (Hoffer et al., 1987) and rats
(Eken and Kiehn, 1989; Gorassini et al., 1999, 2000) by use of chronically implanted
electrodes to record the ventral-root spike potentials of single motoneurons. Studies have
also been undertaken on humans, with an emphasis on recording the discharge of single
motor units (e.g., Kiehn and Eken, 1997). In selected instances, the data have suggested that
plateau potentials are involved in the observed firing patterns (Eken and Kiehn, 1989; Kiehn
and Eken, 1997; Gorassini et al., 1999, 2000; Collins et al., 2001, 2002a,b; Walton et al.,
2002). To study the mechanisms (i.e., PICs and their modulation) underlying repetitive firing
during behavior, however, it is necessary to use intracellular recording techniques. It would
be problematic to accomplish this in intact, behaving animals, of course. Therefore,
investigators have relied on fictive locomotion preparations to study motoneuron (and
interneuron) activity.

Two mammalian preparations are commonly used to study fictive locomotion. The first is
the adult cat, in which locomotor activity is induced either by stimulation of the
mesencephalic locomotor region (MLR) (Shik et al., 1966; Jordan et al., 1979; Perrett, 1983)
or by systemic administration of DOPA and nialamide (Jankowska et al., 1967). Following
administration of neuromuscular blocking drugs to prevent movement, the locomotor pattern
can be recorded from multiple peripheral nerves innervating flexor and extensor muscles
bilaterally (Jordan et al., 1979). In this preparation, motoneurons can be studied using sharp
microelectrodes (Andersson et al., 1978).

The second preparation involves isolation of the spinal cord of either neonatal rats (Kudo
and Yamada, 1987; Smith and Feldman, 1987), mice (Nishimaru et al., 2000), or older,
“motor functionally mature” mice (Jiang et al., 1999a,b). The latter animals are defined as
those at a developmental stage (~P8—P9) where they can bear weight and walk without
dragging their abdomens (Jiang et al., 1999a). In such isolated spinal cord preparations,
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locomotor-like activity can be recorded from the ventral roots. It has been demonstrated in
the neonatal rat that activity in the L2 root largely parallels activity in peripheral nerves
innervating flexor muscles, and L5 root activity parallels that in extensor-related peripheral
nerves (Cowley and Schmidt, 1994b). Application of specific combinations of
neurochemicals, e.g., NMDA and serotonin in the neonatal preparations (Cowley and
Schmidt, 1994a) or NMDA, serotonin, and dopamine in older mice (Jiang et al., 1999a),
leads to locomotor-like ventral-root activity. This involves alternation between the right and
left side, and between activity of the L2 and L5 ventral roots. In these preparations,
motoneuron activity can be recorded using either sharp microelectrodes or patch-clamp
electrodes (Schmidt, 1994). The older animals are needed for the study of properties like
PICs because Cay/1-type channels do not develop and become functional until after the first
post-natal week (Carlin et al., 2000b; Jiang et al., 1999b).

During fictive locomotion induced by stimulation of the MLR in high decerebrate cats, we
showed that motoneurons typically fired at relatively high rates (Brownstone et al., 1992).
Furthermore, the variance in interspike interval during fictive locomation, which is a
measure of the regularity of firing, was very high. Also, the AHP was reduced in amplitude.
The high variance in firing rate during locomotion would be expected with a reduction in
AHP (Person and Kudina, 1972; Miles et al., 2005). Another Brownstone et al. (1992)
finding was that the reduction in AHP amplitude was associated with a change in the £~/
relation: either the slope was increased, or more often it became zero. That is, there was
often no relation between spike frequency and the amount of depolarizing current injected
through the microelectrode. Similar data were obtained subsequently in the neonatal /n vitro
rat spinal cord (Schmidt, 1994). These two studies showed that the properties of
motoneurons were modulated during this behavior. That is, the repetitive firing
characteristics of spinal motoneurons during fictive locomotion differed from those seen in
the quiescent animal.

In the same study, we found that small amounts of hyperpolarizing current completely
eliminated repetitive firing in motoneurons during fictive locomotion (Brownstone et al.,
1992). Cognizant of the then-recent work of Hounsgaard et al. (1988), we postulated that
plateau potentials were recruited during fictive locomotion in an all-or-none fashion, and
that hyperpolarizing current turned them off, thereby preventing repetitive firing. This
prompted a series of experiments with Hultborn in which we demonstrated that the
excitatory synaptic input to motoneurons during fictive locomotion activated voltage-
dependent channels. As motoneurons were depolarized, they reached a threshold where their
input was significantly amplified (Brownstone et al., 1994). We did not conclusively
determine whether this voltage-dependence was due to activation of PICs, NMDA receptors,
or both (Brownstone et al., 1991, 1994). Nevertheless, these experiments demonstrated quite
clearly that motoneurons do not simply respond passively to synaptic current during
behavior. In light of the above-mentioned modeling study of Elbasiouny et al. (2006), it
seems likely that a reduction of the AHP during fictive locomotion leads to a situation
wherein excitatory synaptic input triggers plateau potentials in an all-or-none fashion. This
would lead to the high rates of firing seen in locomotor activity and the high variance in
interspike interval of the motoneuron AP trains. Furthermore, it would explain why a small
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amount of hyperpolarizing current eliminates repetitive firing, and why additional
depolarizing current does not alter the firing rate.

The AHP and PICs are not the only properties to be modulated during locomotor activity.
Further analysis of repetitive firing during MLR-induced fictive locomotion demonstrated
that the voltage threshold for initiation of APs is hyperpolarized compared to resting
conditions (Krawitz et al., 2001). In a subsequent modeling study, this hyperpolarization was
readily accounted for by modulation of the fast inactivating sodium current (Dai et al.,
1998).

In light of the above results, combined with evidence that these channels are important in
SFA, it is interesting to consider whether SFA is also modulated during fictive locomotion.
No evidence of early SFA, which should be seen within a single step cycle, has been found
(see Brownstone et al., 1992). It is possible, however, that the high variance in interspike
interval could occlude an underlying early SFA process. Given that late SFA is seen even
with intermittent stimulation (Spielmann et al., 1993), then if it is present during locomotion,
one should record an overall slowing of the firing rate over tens of seconds to minutes. We
have presented evidence demonstrating late SFA during a period of time following brainstem
stimulation but prior to establishment of locomotor activity (Krawitz et al., 1996). Once
alternating locomotor activity began, however, the firing rate increased to the pre-adapted
frequency, indicating a “reversal” of late SFA. If late SFA is mediated by a long time
constant of inactivation of fast sodium channels (Section 7), then the Krawitz et al. (1996)
data, together with the data indicating hyperpolarization of voltage threshold (Krawitz et al.,
2001), may indicate modulation of these channels during locomotor activity. Finally, if late
SFA is related to fatigue (Kernell and Monster, 1982a; Gandevia, 2001), then modulating
(reducing) this property during locomotion may enable the animal to sustain locomotor
activity for lengthy periods of time.

In summary, it is clear that the fundamental properties of motoneurons, such as the AHP and
voltage threshold, can be modulated during behavior. Although the mechanisms involved in
this modulation are far from understood, there have been some recent advances, which are
reviewed below.

9. Other possible mechanisms of modulation of motoneuron properties

As presented above, the many conductances important for the production of appropriate
rates of repetitive firing in motoneurons during behavior are subject to control by
neuromodulators. The pathways by which the CNS modulates the properties of motoneurons
during locomotor activity are by no means completely understood. Much of the work to date
has focused on monoaminergic regulation of motoneuron properties. Specifically, serotonin
and noradrenaline have been studied and shown to modulate PICs (Section 6; see also Lee
and Heckman, 1999; Heckman et al., 2003) and voltage threshold (Fedirchuk and Dai,
2004).

We have recently begun to examine the role of muscarinic receptor activation in the
regulation of motoneuron discharge (Miles and Brownstone, unpublished). Early on,
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Conradi and Skoglund (1969) presented immunohistochemical and electronmicroscopic data
revealing large terminals on spinal motoneurons. These C-boutons were later shown to be
cholinergic (Nagy et al., 1993; Li et al., 1995). They were shown to develop in the early
post-natal period in mice (Wilson et al., 2004) and to be in apposition to both post-synaptic
type 2 muscarinic (m,) receptors and delayed rectifier Ky,2.1 channels (Hellstrém et al.,
2003; Muennich and Fyffe, 2004; Wilson et al., 2004).

The functional utility of post-synaptic delayed rectifier channels is not yet clear, although it
is reasonable to suggest that this conductance is modulated by muscarinic activation (Wilson
et al., 2004). Such modulation has recently been studied in cultured hippocampal neurons
and HEK cells, where cholinergic activation has been shown to lead to a leftward shift of the
activation curve of the Ky2.1 conductance (Mohapatra and Trimmer, 2006). The function of
a post-synaptic delayed rectifier channel in motoneurons remains to be investigated,
however.

Recently, Robert Fyffe has provided evidence that SK channels are also located at the post-
synaptic site of C-boutons (Deng and Fyffe, 2005). This fits with our recent electro-
physiological evidence that m, receptor activation leads to a reduction in the AHP of
motoneurons, thus increasing the slope of the £/relation (Miles and Brownstone,
unpublished). In addition, we have evidence that this system is activate during fictive
locomotion, thus increasing motoneuronal excitability. It would seem, therefore, that both
the descending raphe—spinal serotonergic system and the intraspinal cholinergic system are
important for ensuring appropriate motoneuronal output during locomotion.

The existence of the above two rather different systems for regulating motoneuron
excitability is interesting to consider. Both develop in the post-natal period (Bregman, 1987;
Wilson et al., 2004). The serotonergic system originates in the brainstem raphe nuclei and
projects in the ventral spinal cord to motoneurons (Martin et al., 1978), with extensive
motoneuronal dendritic innervation (Alvarez et al., 1998). On the other hand, although the
neurons of origin of the cholinergic C-boutons have not been definitively demonstrated, it is
known that this system is spinal in origin (McLaughlin, 1972). The profound effects of
serotonin on motoneurons seem to be mediated primarily by dendritic PICs. That is, there is
an increase in the gain of synaptic input in the presence of serotonin. On the other hand, the
effect of muscarinic activation is mediated in large part by a reduction in the AHP, which
leads to an increase in the £/slope. In other words, serotonin modulates the /nputto
motoneurons, whereas acetylcholine modulates their output. The combination of the two
provides the CNS with exquisite control over motoneuronal excitability.

In summary, there are multiple systems involved in modulating the repetitive firing of
motoneurons, and many ion channels are available to mediate this modulation. They include
Cay1 channels for plateau potentials and PICs, SK channels for the AHP, and Nay, channels,
which have properties that control spike voltage threshold and SFA. In addition, Ky/2.1
channels may also be regulated by acetylcholine. It is likely that other channels involved in
the repetitive firing properties of motoneurons are also modulated. Together, these
modulatory pathways can lead to complex patterns of firing with response patterns that may
differ during different behaviors.
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10. Concluding thoughts

Sir John Eccles devoted much time in his career to the study of synaptic integration. The
obvious place for him to start was at the end: the study of spinal motoneurons, the final
common pathway. His contributions to the field began in his days with Sherrington and
continued through his time at the University of Oxford using extracellular recording
techniques. In Dunedin, he was instrumental in the development of intracellular recording
techniques using sharp microelectrodes. These contributions contributed enormously to the
further study of motoneuronal properties in innumerable laboratories around the world. To
this day, we are continuing to build upon this early knowledge, which he provided so fully
and effectively.

Although it was first demonstrated over seven decades ago that motoneurons have intrinsic
“rhythmic centres” for generating repetitive firing (Eccles and Hoff, 1932), and although
motoneurons have been studied using intracellular recording over a longer time period than
any other type of neuron in the vertebrate CNS, there are still many unanswered questions
regarding how the CNS regulates the repetitive firing in these neurons to ensure that there is
muscle contraction appropriate for the intended behavior.
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Abbreviations

AHP afterhyperpolarization component of action potential
AP action potential

c.es central excitatory state

CNS central nervous system

EPSP excitatory post-synaptic potential

- frequency—current

IPSP inhibitory post-synaptic potential

MLR mesencephalic locomotor region

NMDA N-methyl-D-aspartate
PIC persistent inward current

SFA spike frequency adaptation
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Fig. 1.
A reproduction of Fig. 35 in Eccles and Hoff (1932). The original figure legend read:

“Schematic representation of rhythmic discharge and the action of a single antidromic
impulse” (p. 507). The associated text read: “The production of a rhythmic reflex discharge
according to the conditions postulated is illustrated in Fig. 35, where intensities of c.e.s. are
plotted as ordinates against time as absicssae. OF is the line of zero intensity of c.e.s.
According to the fourth assumption the intensity of c.e.s., OA, at the point A just after a
reflex discharge, equals half the threshold intensity OL. As a result of its uniform production
and spontaneous subsidence, c.e.s. is represented as increasing in intensity during normal
rhythm along the line AM to again attain threshold at M, where the next reflex discharge is
set up. The intensity of c.e.s. falls from M to B, and then increases along the line BN, till at
N another reflex discharge is set up, with a consequent fall of c.e.s. to C followed by an
increase to P, and so on. By assumption an antidromic impulse acting at a point D, Fig. 35,
inactivates an intensity. . . of c.e.s., as shown by the line DE, and c.e.s. then increases along
the line ER to regain a threshold intensity at R, where a reflex discharge is set up” (pp. 507-
509). The text also provided a mathematical description of these relations and a derivation of
the relationship between T2 and T1. Reprinted with permission of the publisher.
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Fig. 2.
A reproduction of Figs. 1 and 2 in Brock et al. (1951a). These are the first known

illustrations of an intracellular record from a vertebrate central neuron. The original figure
legend read: “Figs. 1 and 2. Intracellular action potentials of motoneurons as described in
the text. Potential and time scales common to both figures.” (p. 15). Their Fig. 1 illustrates
orthodromically evoked APs evoked by stimulation of group | afferents, with the EPSP
shown below. Their Fig. 2 illustrates an antidromically evoked AP, with the dotted line
demonstrating a superimposed orthodromic spike. Reprinted with permission of the
publisher.
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Fig. 3.

A reproduction of Figs. 2 and 8 in Kernell (1965b) demonstrating primary and secondary
range firing in a cat motoneuron. The plot in his Fig. 2 is of steady-state firing frequency vs.
injected current, and the numbers are the slopes of the primary and secondary range of firing
in Hz/nA. His Fig. 8 is a schematic //graph demonstrating the primary and secondary
ranges for first interval vs. steady-state firing. Reprinted with permission of the publisher.
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Fig. 4.
A reproduction of Fig. 2A in Hounsgaard et al. (1984) demonstrating sustained firing in a

cat motoneuron. The discharge was produced by a short pulse of depolarizing current
injection and terminated by a hyperpolarizing pulse. The authors demonstrated that the self-
sustained discharge was due to an underlying plateau potential. Reprinted with permission of
the publisher.
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