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Abstract

The present thesis addressed two broad questions about the physiology of human alpha
motoneurons: 1) how does the central nervous system recruit the neurons in a motoneuron pool
when performing various tasks; and 2) can the biophysical properties of human motoneurons be
indirectly assessed and compared with those of the cat?

For the recruitment studies two sets of experiments were performed. The first set
examined the hypothesis that the motoneurons innervating the flexor carpi ulnaris (FCU) muscle
are fractionated into subpopulations, and that each of these subpopulations is recruited during a
distinct task. The results of the present study did not support this hypothesis, but instead
suggested that motoneurons in the motoneuron pool are recruited in the same order during the
tasks presented in this study. The second set of recruitment experiments examined the order of
recruitment of first dorsal interosseus (1DI) motoneurons during natural motor behaviour. The
results of these experiments demonstrated that recruitment proceeds in the same fashion during a
behavioral task as that during the more restrictive condition of an isometric contraction.

The present investigation of the biophysical properties of human motoneurons was
accomplished by measuring motoneuron excitability during rhythmic firing. The excitability of
motoneurons was measured by the probability of their response to inputs from two sources: 1)
muscle stretch receptors; and 2) neurons in the motor cortex. The results of these experiments
demonstrated that the level of ongoing activity of the motoneuron, as determined by its firing rate,
is a significant factor affecting its ability to respond to an input. In an effort to explain these
results, a computer simulation of motoneuron stimulus/response behaviour was undertaken based
upon known properties of the cat motoneuron. The result of this modeling suggests that the basic
biophysical properties of the cat motoneuron are sufficient to account for the observed responses

of human motoneurons to synaptic inputs.
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Chapter 1
INTRODUCTION

The primary function of the motoneuron seems clear - the control of muscle tension
through contraction of extrafusal muscle fibers; however, the mechanism(s) by which this
function is achieved in natural motor behavior remain to be fully understood. The majority of
research on motoneurons has been done in the feline spinal cord (predominately in the
lumbosacral area) using the technique of both extracellular and intracellular signal recording in a
reduced preparation. Much has been learned from these studies about the intrinsic properties of
this cell and its role in the integration of the input from a number of separate segmental and
supraspinal sources (for review see Burke and Rudomin, 1977). It is from cat experiments that
we have begun to gain an appreciation of the role cell morphology plays in the overall function of
the motoneuron. From this literature base on properties of cat motoneurons, several conceptual
models and experimental paradigms have been designed to study the physiology of the human
spinal motoneuron. The concern of the present thesis was to develop further understanding of the
human motoneuron, both behaviorally and biophysically, utilizing the core principles already

established in the cat motoneuron.

Anatomical structure of motoneurons

Motoneurons are cells that consist of a cell body (or soma) from which a number of
branching processes arise. The cell body of a motoneuron in the cat lumbar cord, which is
typically represented as a sphere with a diameter ranging from 45 to 60 pum (Cullheim et al., 1987;
Clements and Redman, 1989), occupies the ventral horn in Rexed lamina IX of the mammalian
spinal cord. Within lamina IX, motoneurons are organized in a longitudinal fashion and are
identified in four columns: the ventromedial column, the central column, the ventrolateral column

and the dorsolateral column (Brown, 1981; Schoenen, 1982). The motoneurons innervating the




axial musculature are located in the medial columns and those supplying the limbs are located
more laterally. This pattern of motoneuron organization gives rise to the relative prominence of
the ventro- and dorso-lateral columns in the cervical and lumbosacral enlargements from which the
plexuses for innervation of the limbs arise. A single axon originates from the cell from a
protrusion of the soma termed the axon hillock. Prior to myelination, this region of the axon is
referred to as the initial segment. Following myelination the axon continues through the ventral
root into the periphery with a variable length to its target muscle.

In the cat lumbar cord, each motoneuron gives rise to 8 to 22 primary dendritic trunks
which have an average length to termination of approximately 1.2 mm (Barrett and Crill, 1974;
Cullheim et al., 1987; Clements and Redman, 1989). Each primary dendrite branches a number
of times resulting in an average of 13.5 terminations! increasing the complexity of the dendritic
tree (Cullheim et al., 1987). The resulting complex branching pattern of the dendrites constitutes
> 97% of the total membrane surface area of a motoneuron. The branching of the dendrites in the
mammalian spinal cord is arranged in an architectural fashion which is dependent on the location
of the cell body. Dendritic branching of motoneurons occurs in a predominately longitudinal
fashion (along the rostrocaudal axis) for all columns except the dorsolateral column in which the
dendrites are organized in a multipolar fashion (Brown, 1981; Schoenen, 1982). In columns
where longitudinal organization is present, the dendrites overlap throughout several segments and

it is common for the motoneurons whose cell bodies may be separated by several hundred

1 This average is given for motoneurons of both S and F type motor units. However, it is important to note that
there is a significant differences between the total number of terminations for type S and F motoneurons, 127.8 vs.
181.3 respectively (Cullhiem et al., 1987). This is a major factor contributing to the finding that the motoneuron
innervating a fast-twitch muscle unit is larger, in terms of total membrane area, than one innervating a slow-twitch
muscle unit of the cat triceps surae. The difference in branching pattern of the F- and S-type motoneurons led the
above authors to conclude that the S-type motoneurons are not simply a smaller version of the F-type cells, but are
instead a distinct though overlapping specific cell type.




microns, to have dendrites which are juxtaposed.2 The dendrites in columns may be organized
into bundles, extending both in the rostrocaudal axis and transversely, in which dendrites from a
given column are found in intimate contact with one another. Conversely, motoneurons in the
dorsolateral column have dendritic domains which overlap only for cell bodies which are relatively
close and are characterized by a lack of significant dendritic bundles. The motoneurons
innervating the distal musculature reside in this column.

The particular significance of the anatomy of a motoneuron to its function, lies in the
allocation of the functions of the cell to its anatomical divisions. The majority of synaptic input is
conveyed and processed by the dendrites. The dendritic input is integrated in the soma and the
resulting membrane voltage change is initially transduced by the initial segment into spikes which
are conducted down the axon to the neuromuscular junction and back into the soma eliciting a full
action potential with its accompanying afterhyperpolarization. Thus it seems appropriate to
consider the morphology of the cell as well as its electrical properties when thinking about the

function of a specific motoneuron or the group action of several motoneurons.

Intrinsic properties of motoneurons

Within the current conceptual framework, the neuron may be considered an individual
computing device and an analogy drawn for it to the area of computing science. An input is
directed toward the dendrites which then transmit the input to a CPU-like soma for integration and
the output signal conveyed by an axon to the post-synaptic target. Underlying this simple input-
output relationship is the unique intrinsic property of each neuron type which endows them with

distinct computational behaviors (Llinas, 1988). These latter properties may be grossly defined as

2 Shoenen (1982) suggests that such juxtaposition favors synchronization of such motoneurons. Therefore, in
motoneurons innervating proximal musculature or calf muscles there would be a predisposition for synchronization
especially for those inputs whose synaptic terminations are oriented parallel to the longitudinal dendritic branches of
these cells. This may be to the advantage of motoneurons whose muscle units are involved in gross movements or
postural maintenance where fine control of movement is not a requirement.




the active and passive properties of the neuron. In the motoneuron the active properties are
represented by the various ionic channels which may be activated by ligand binding or by
variations in membrane potential (reviews Schwindt and Crill, 1984; Llinas, 1988; Hille, 1992).
It is the active properties that give rise to the excitability of the membrane and the ability to
generate action potentials. The passive properties, on the other hand, are those electrotonic
characteristics which filter and blend the transmission of current throughout the neuron. The
origin of these properties is the structural composition of the neuron, which behaves as if it were a

simple electrical circuit composed of resistors, capacitors and batteries.
Passive properties

Passive properties are also called the cable properties of the neuron. Much of the structure
of the motoneuron may be represented by cylinders of various lengths and diameters. This is
especially true of the dendrites and the axon, whereas the soma is often represented as a sphere.
The description of the electrical properties of a cylinder are equivalent to the mathematics of
electrical cables and hence much theoretical work has been done to apply the equations to the
cylindrical structure of the motoneuron. Much of the work on the cable properties of neurons has
focused on the function of the dendrites and much of this pioneered by Wilfrid Rall (reviewed in
Segev et al., 1995). In short, the cable properties describe how a current input at some location in
the neuron is transmitted to the adjacent regions resulting in changes in potential across the
membrane in a time and distance dependent manner.

One may easily imagine that when current is applied to one end of an electrical cable
current will flow, by virtue of the movement of charges, both inside the cable and, depending on
the type of insulation, across the outer surface of the cable. The same can be said of a cylindrical
portion of neuronal membrane. Current injected into one end of the cylinder will flow, by virtue
of the movement of ions, along the inside core of the cylinder and across the neuronal membrane
to the extracellular space. The distribution of this current both inside and across the cylinder

depends on the resistive and capacitive properties of the cytoplasm and membrane. The capacitive




properties are imparted by the charge holding characteristics of the membrane and the resistive
properties by the passive ionic channels. For a unit length of cylinder, the resistance posed by
material inside the cylinder is termed the axial resistance, rj (€¥cm), that posed by the membrane is
the membrane resistance, Iy, (£2-cm), and the capacitive property is the membrane capacitance, ¢y,
(F/cm). Thus for a cylinder of length 1, the total resistance of the cytoplasm is rjl (€2), the total
resistance of the membrane is 1/l (©2), and the total membrane capacitance is ¢yl (F).3 These
components make up the equivalent electrical circuit which describes the properties of a cylindrical
portion of neuronal membrane. As mentioned above an injection of current into the cylinder will

result in a change in membrane potential (Vi) which varies as a function of time and distance:

19’V v, V

m m

_— =c R
r,ox* " ot r

m

where Vi is membrane potential (mV), x is distance (cm) from the point of current injection (Iin;),
and t is time (ms). This is the cable equation which has many solutions depending on the length
and termination of the cylindrical structure being considered. Multiplying both sides of the

equation by ry, gives:

oV, v,
2 ox® = Tm ot Ve

where A is the dimensionless space constant, and T, is the membrane time constant (ms). The
space constant has important physical meaning in that it describes how the membrane potential

under steady state conditions decreases with distance from the point of current injection in an

3 Often values of the passive properties are given in terms of specific membrane resistivity (R, Q-cmz), specific

membrane capacitance (Cyy, F/cmz) and specific intracellular resistivity (Rj, 2-cm). The reason for this is that
these latter values are independent of whether the part of the neuron being considered is represented by a cylinder,
sphere or some other geometrical structure. These specific properties are related to the cylinder specific parameters
by:

R =mp’r; R =2mpr,; C,=c,/2np

where p is the radius of the cylinder in cm.




infinite or semi-infinite cable. The distance at which the potential has decayed to 37% (1/e) of its
maximum value at the point of current injection is A = /= . Similarly, the membrane time
constant describes an important physical parameter as it describes the time dependent charging
properties of the membrane. If a depolarizing step current is applied to the cylinder the membrane
potential increases in an exponential manner to a maximum value. The time at which Vy, reaches
63% (1-e°1) of its maximum value is the membrane time constant and is equal to rpcp. When Vi

is at its maximum value, Vg or Vmax, the input resistance is defined as Ry = Vmax/Ijp;.
Implications of passive properties to the function of dendrites

It seems appropriate to pause here and highlight the importance of these passive properties
to the unified functioning of the motoneuron. If we assume that the dendrites are entirely passive,
i.e. that their electrical behavior is not dependent on voltage, then we may assess the influence the
passive properties have on current input at some point on the dendrites and the resulting voltage
transient measured at the soma (Rall, 1967). Physiologically such a current input to the dendrites
would result from the synaptic transmission of some presynaptic source such as the primary
afferent of the muscle spindle. If we consider an excitatory synaptic input with the same
conductance time course and peak amplitude applied at various distances from the soma the
resulting excitatory post-synaptic potentials (EPSPs) show a gradation in size and shape
dependent on its distance from the soma (Rall, 1967). The more distal the input from the soma,
the smaller the amplitude and the longer the time to peak and half-width of the resulting EPSP
recorded in the soma. While attenuation and filtering of the membrane potential with distance is
due in part to the space and time constants, the electrotonic length and the termination of the
dendrite also play a significant role (Rall, 1959). Electrotonic length, L, is defined as the length
of the cylinder representing the dendrite divided by the space constant. The shorter the L, the
lower the attenuation of the voltage signal from the distal dendrites. The significance of this is the
effect the passive properties have on the spatio-temporal summation of synaptic inputs. For a

motoneuron, where L is generally less than 2 (Fleshman et al., 1988), the soma integrates input




from the entire dendritic domain. The proximally located input produces a larger and faster EPSP
which is effective in triggering a threshold crossing while the input located distally will contribute
to the background level of depolarization (or hyperpolarization if an inhibitory input). It clearly is
the function of the dendrite not only to convey input to the soma but in doing so structure it in a

functional manner.
Active properties

The active properties of the motoneuron are characterized by another set of elements, the
variable resistors, or conductors, and batteries. Physiologically, these elements represent the
ligand- or voltage-activated ionic channels and the reversal potentials of the ions which permeate
these channels. It is these elements which are responsible for neuronal excitability, that is, its
ability to fire an action potential. Hodgkin and Huxley's initial work on the squid giant axon
(Hodgkin and Huxley, 1952) resulted in a method of describing quantitatively the ionic membrane
currents that has since been applied to many other excitable membranes. The squid giant axon
was a convenient preparation for the initial formulation of a theoretical framework of neuronal
excitability not only because of its size, but also because of its simplicity in expressing only two
types of voltage-activated ionic conductance, the fast sodium and potassium conductance
respectively. The mammalian motoneuron, on the other hand, expresses a wide range of voltage-
and ligand-activated ionic conductances which may vary between species, muscles innervated and
with the organism's stage of development (Schwindt and Crill, 1984; Llinas, 1988; Viana et al.,
1993a, b). To date, in the adult cat spinal motoneuron five ionic conductances in the membrane
comprising the initial segment, soma, and proximal dendrites have been described as relevant to
repetitive firing behavior: 1) a fast tetrodotoxin (TTX) sensitive transient sodium conductance
(Araki and Terzuolo, 1962; Barrett and Crill, 1980; Schwindt and Cirill, 1982); 2) a fast
tetracthylammonium (TEA) sensitive potassium conductance (Barrett et al., 1980; Schwindt and
Crill, 1981; Zhang and Krnjevic, 1988); 3) a slow potassium conductance which is most likely

calcium-dependent (Kmjevic et al., 1978; Schwindt and Crill, 1981; Zhang and Krnjevic, 1987);




4) a high voltage-activated (HVA) calcium conductance (Schwindt and Crill, 1980b); and 5) a low
voltage-activated (LVA) calcium conductance (Schwindt and Crill, 1980a; Schwindt and Crill
1982).4

As in the squid giant axon, the sodium conductance results in an inward current with fast
kinetics and is activated at different voltage depolarizations in the initial segment and soma (Barrett
and Crill, 1980). In the initial segment the sodium channel is activated at depolarizing steps of 10-
20 mV whereas the somatic sodium channels are activated by voltage steps of 25-40 mV positive
to rest. The reversal potential for this inward current ranges between 100-120 mV positive to rest.
It is the inward sodium current that generates the depolarizing spike of the action potential in the
motoneuron. Another feature of this sodium channel is that it inactivates with time constants of
0.2 to 2 ms dependent on membrane voltage. This inactivation is required for the generation of
repetitive firing in the motoneuron for without inactivation of sodium channels the membrane
would remain in a depolarized state (Schwindt and Crill, 1984). The lower voltage threshold for
sodium current in the initial segment confirms the suggestion that it is the initial segment which is
responsible for establishing the threshold for firing of the motoneuron (Coombs et al., 1957,
Calvin and Schwindt, 1972). The inward current produced during the initial segment spike is
conducted to the soma-dendritic membrane producing sufficient depolarization to activate sodium
channels resulting in the soma-dendritic spike. The resulting spike of the motoneuron action
potential may have a peak of 60-100 mV above rest depending on the input resistance of the cell
and the density of sodium channels.

The inward current generated by opening of the sodium channels is quickly followed by
an outward current, which in the cat motoneuron is generated by slow and fast potassium

conductances with reversal potentials in the range of -6 to -21 mV relative to resting potential

4 It seems misleading to introduce these as 5 conductances as there is a2 multiple number of high and low voltage
activated calcium conductances and different calcium-dependent potassium channels identified in other motoneuron
preparations in addition to other neurons of the CNS. However, since these are not well described for adult cat
spinal motoneurons I will not consider them here.




(Barrett et al., 1980). The fast potassium conductance is similar to the voltage-dependent delayed
rectifier conductance described in the squid axon and is responsible for assisting in the rapid
repolarization of membrane potential following the spike. Activation of this conductance occurs at
a depolarization near +30 mV with a time constant for activation of 4 - 5 ms. At a more
depolarized level the time constant falls to a value near 1 ms. An important feature of the fast
potassium conductance is that it does not inactivate during depolarization, thus at all potentials
greater than its activation threshold the conductance is persistent. This conductance may be
blocked by TEA resulting in an increased duration of the action potential (Schwindt and Crill,
1981). The significance of this conductance for repetitive firing is its role in regulating action
potential duration. An increase in action potential duration following a block of the fast potassium
conductance results in an enhanced afterhyperpolarization which would tend to lower the repetitive
firing rate to a given current injection (Schwindt and Crill, 1981).

The slow potassium conductance on the other hand has much slower kinetics with a time
constant in the range of 20 - 50 ms near its activation threshold. The slow potassium conductance
is activated by a less positive depolarization than the fast potassium conductance, nearer to 10 mV
positive to resting potential, and is insensitive to extracellular iontophoresis of TEA. In many
neurons from other species, a potassium conductance with the kinetics and a functional role
similar to the slow potassium conductance in the cat motoneuron, has been shown to be activated
by intracellular calcium concentration (Barrett and Barrett, 1976; Viana et al., 1993b). There are
good reasons to believe that the slow potassium conductance in the cat motoneuron is also
mediated by the cellular calcium concentration (Krnjevic et al., 1978; Barrett et al., 1980; Zhang
and Kmjevic, 1987), however the calcium-dependence remains to be fully characterized.
Regardless of whether it is a calcium-dependent conductance, the functional role of the slow
potassium conductance seems clearly to be the generation of the afterhyperpolarization (AHP) of
the action potential and through this mechanism to modulate repetitive discharge of the

motoneuron in the primary firing range (Kernell, 1965b; Baldissera and Gustafsson, 1971;




Schwindt and Calvin, 1973; Traub, 1977; Traub and Llinas, 1977; Barrett et al., 1980; Powers,
1993).5

The presence of HVA and LVA calcium conductances support the hypothesis that the slow
potassium conductance could be mediated by calcium. However, their mere presence does not
unequivocally link them to regulation of calcium-dependent potassium conductances. A calcium
channel would need to be co-localized with the slow potassium channels in the plasma membrane
to be effective in modulating their conductance and data describing the distribution of ionic
channels in the adult cat spinal motoneuron is not available. In a slice preparation of neonatal rat
hypoglossal motoneurons, it has been demonstrated that an HVA calcium conductance is the one
that gives rise to the calcium influx responsible for activation of the potassium current underlying
the AHP (Viana et al., 1993a). Recently, three types of calcium channels, N-, P-, and L-type,
have been identified as contributing to the HVA whole-cell calcium currents seen in the neonatal
rat hypoglossal motoneurons (Umemiya and Berger, 1994, 1995).6 It appears as though these
channels have a differential distribution for the dendritic and somatic membrane, which has yet to
be fully described. Of particular interest is the N-type channel which is least predominant in the
somatic patches (Umemiya and Berger, 1995) and is apparently the main channel for supplying
the calcium influx needed to activate the calcium-dependent potassium conductance underlying the
AHP (Umemiya and Berger, 1994). These results suggest that the N-type channel may be
preferentially located in the dendritic membrane and, therefore, the associated AHP generating
potassium conductances would also be located in the dendrites. This would support the modeling

study on spinal motoneurons in which a calcium-dependent potassium conductance underlying the

5 A notable exception to the relationship between the AHP and repetitive discharge has been shown during fictive
locomotion in decerebrate cats (Brownstone et al., 1992). In this case the AHP is still present during the repetitive
firing behavior, however, it seems to bear little relation to the interspike interval. The slow potassium conductance
mediating the AHP is likely under the influence of neuromodulatory factors during locomotor-like activity as the
AHP is clearly depressed (Schmidt, 1994).

6 The finding of multiple channels contributing to a single whole-cell recorded current should alert us to the
possibility of a similar finding for the other conductances described. There are multiple types of voltage- and

calcium-dependent K channels which may contribute to what has been labelled as fast and slow potassium
conductance in this thesis.
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AHP had to be preferentially located in the dendritic compartments for adequate simulation of
normal motoneuron firing behavior (Traub and Llinas, 1977).

The LVA calcium conductance described in adult cat spinal motoneurons is a persistent
conductance which is activated weakly in the voltage range traversed during slow repetitive firing
but is tonically active during fast firing rates (Schwindt and Crill, 1980a, 1982). It appears that
this conductance plays a role in regulating the transform of current input to firing rate by adjusting
the slope of the f-I curve (Schwindt and Crill, 1982, Powers, 1993) and increasing the maximum
firing rate (f) of the cell (Schwindt and Crill, 1982). In the neonatal rat hypoglossal motoneuron,
a T-type LVA calcium channel has been identified (Umemiya and Berger, 1995). In this neuron
the transient calcium conductance is thought to contribute to the afterdepolarization following the
repolarizing phase of the action potential but contributes little to the calcium influx needed for
generation of the AHP. The afterdepolarization in young animals (< 4 days old) may be large
enough to lead to burst firing but this tendency becomes absent in older animals (> 10 days). The
possibility of the presence of a transient LVA calcium conductance in adult cat spinal motoneurons
is an attractive hypothesis since these cells display delayed depolarizations similar to the
afterdepolarizations observed in the rat hypoglossal motoneurons (Calvin, 1974). In adult cat
spinal motoneurons the delayed depolarization has been implicated in the firing of doublet spikes
at low levels of current injection. The similarity between burst firing associated with
afterdepolarizations in the neonatal rat hypoglossal motoneurons and the doublet firing associated
with delayed depolarizations in adult cat spinal motoneurons although interesting, is currently
without experimental evidence supporting a LVA transient calcium current in the cat.

The combination of the passive properties of the motoneuron and the active conductances
give rise to its ability to receive input from various sources, integrate that input and produce a
functional output. The dendrites are important not only for their role in collecting input from
various sources but also for their function in filtering and differential attenuation of an input. The
majority of the active conductances are currently presumed to be located on or near the soma and

are responsible for transducing the input signals into patterns of spike outputs. The axon of the
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motoneuron faithfully conducts the output signals to its target muscle producing a contraction and,
in many cases, movement.

The importance of the intrinsic properties for the studies presented in this thesis are the
role they play in the recruitment and excitability of the human motoneuron. The input resistance
of a motoneuron, by virtue of Ohm’s law, plays a significant role in the transduction of an input
current into membrane voltage. For two cells with different input resistance, one large and one
small, the injection of the same amount of current into both cells results in a larger change in
membrane voltage in the cell with the larger input resistance. This change in membrane potential
is the mechanism by which the active properties are engaged and, therefore, the cell with the
higher input resistance is more likely to be recruited. The input resistance of a motoneuron is
inversely correlated to its surface area, so the smaller the cell the larger the input resistance and,
therefore, the more likely it is to be recruited. Once recruited the motoneuron may continue to fire
repetitively. Following each spike in the repetitively firing neuron is a period of depressed
excitability, the absolute and relative refractory periods. During the absolute refractory period the
sodium channels, which have just previously opened to produce the spike, are inactivated and are
not available for reactivation. This effectively prevents two spikes from occurring within a short
period of time, e.g. 2 ms. Following the absolute refractory period is a relative refractory period
when the membrane excitability is depressed but, given a large enough stimulus, may fire another
action potential. During this period the membrane potential is hyperpolarized due to the activation
of potassium conductances. The assessment of recruitment and post-spike membrane excitability

of the human motoneuron are the topics addressed in this thesis.

Recruitment

In considering the intrinsic properties of motoneurons the notion of threshold for
excitation has been briefly mentioned. The process by which an inactive motoneuron is brought

to threshold and caused to fire one or more action potentials is known as recruitment. Recruitment
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is more than the mere excitation of a motoneuron. Its true significance in the regulation of motor
output, lies in its relative order of recruitment, expressed as rank order, within a larger group of
motoneurons. In studies of recruitment the group of motoneurons generally considered is that
innervating an entire muscle and this is called the motoneuron “pool” for that muscle. Each
motoneuron of a pool projecting to a limb muscle may innervate between 100 and 1000 muscle
fibers. The motoneuron together with all the muscle fibers which it innervates represents a single
functional unit called the motor unit (Sherrington, 1906). The nervous system uses recruitment of
motor units as a means of varying the force exerted by a skeletal muscle. In doing so, the relative
activation of the motor units for a given muscle follow an orderly sequence, ranging from those
that produce small forces and are fatigue resistant to those that produce large forces but are easily
fatigued (Henneman and Mendell, 1981; Calancie and Bawa, 1990). This has come to be known
as the size principle of motoneuron (or motor unit) recruitment and its formulation in large part is
due to the work of Elwood Henneman and coworkers in the cat (Henneman, 1957, 1985;
Henneman et al., 1965,1974; Bawa et al., 1984). The size principle of motor unit recruitment
was later extended to humans for a variety of inputs including both voluntary and artificially
produced peripheral and descending inputs to the motoneuron pool (Milner-Brown et al., 1973b;
Henneman et al., 1976; Desmedt and Godaux, 1977, 1979, 1981; Bawa, 1981, 1982; Calancie
and Bawa 1985a, b; Riek and Bawa, 1992; Bawa and Lemon, 1993).

The size principle

The initial studies by Henneman and coworkers were done in the decerebrate cat. The size
of a motoneuron was implied by the amplitude of the extracellularly recorded spike from a ventral
root filament. The basis for this size implication is the positive correlation between the amplitude
of the recorded impulse and the diameter of the axon conducting it, the diameter being
proportional to motoneuron surface area. The authors found that as the excitatory input to the
motoneuron pool was increased, there was a clear tendency for smaller motoneurons to be

recruited prior to larger ones. This was true for both peripheral and a variety of descending
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inputs. As a result of these studies Henneman proposed that the excitability of a motoneuron was
inversely proportional to its cell size and therefore recruitment of motoneurons occurs from small
to large cells, i.e. the “size-principle” (Henneman, 1985).

The recruitment of motoneurons in an orderly sequence tells us little about the functional
effect of recruitment on force production in the periphery. The answer to this lies in the
relationship between motoneuron size and the heterogeneity of the muscle fibers in a typical limb
muscle. The muscle fibers comprising a given motor unit have similar histochemical and
morphological characteristics which result in physiological differences between motor units
(Burke, 1967, 1981; Burke et al., 1971; Kugelberg, 1981). Three types of motor units are
widely recognized: slow (S); fast fatigue resistant (FR); and fast fatiguable (FF)7 and these may
be identified using quantitative measures of their physiological differences (Burke et al., 1977).
Identification of motor unit types and later reconstruction and measurements of motoneuron size
(Cullheim et al., 1987) demonstrated a tendency for the S type motor units to consist of a smaller
motoneuron in terms of total membrane surface area than FF type motor units. Therefore, in
functional terms, the S type motor units are recruited prior to the FR, which is recruited prior to
the FF type motor units. Such a recruitment scheme provides for a smooth increment in force
production while maximizing the fatigue resistance of the muscle.

Orderly recruitment of human motoneurons was first demonstrated by Stein and
coworkers (Milner-Brown et al., 1973b) in the first dorsal interosseus (1DI) muscle. These
authors used the spike-triggered average twitch tension as an indicator of motor unit size. The
twitch amplitude of a motor unit was expressed in relation to the level of force at which the unit
was recruited. It was shown that as the level of voluntary isometric force was increased, motor
units with larger twitch tensions were recruited indicating recruitment of 1DI motor units

according to the size of the twitch tension. Later studies confirmed orderly recruitment of human

7 A fourth type of motor unit is sometimes identified this being the F(int) type motor unit whose characteristics
make it neither an FF nor an FR type unit but something in between (Burke, 1981).
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motor units in this and other muscles using different contraction paradigms and reflex recruitment

(Desmedt and Godaux, 1977, 1979; Calancie and Bawa, 1985a, b, 1990).
Exceptions and the role of task groups

In natural motor behaviors, animals are capable of carrying out a wide repertoire of tasks
that include ballistic, eccentric as well as concentric and isometric contractions. A question that
may be asked in light of the limited set of motor behaviors where the size principle has been
demonstrated, whether the central nervous system is hard wired to perform all tasks under the
same recruitment scheme, or are there exceptions to the size principle? Since the size principle
states that motoneurons are recruited in sequence from small to large, an exception would entail
motoneurons be recruited in a sequence from large to small. A number of authors have presented
data which suggests that in some cases recruitment does not occur according to the size principle.

Perhaps the most influential evidence for systematic exceptions to the size principle has
| come from studies utilizing cutaneous input to the motoneuron (Burke et al., 1970; Kanda et al.,
1977; Stephens et al., 1978; Garnett and Stephens, 1980, 1981). In decerebrate cats it was
shown that cutaneous input from the sural nerve superimposed on stretch reflexes or tendon
vibration reflexes tended to decrease the firing rate of relatively low threshold medial
gastrocnemius motoneurons while at the same time higher threshold motoneurons were receiving
powerful excitation (Kanda et al., 1977). This was interpreted as giving evidence for an input

system which deviated from the Ia synaptic system that had been the basis for the size principle.

In the experimental input system, a large motoneuron was proposed to receive, preferentially, a
greater amount of excitatory input over a smaller counterpart which received a proportionally
larger amount of inhibition. Activation of this input system would tend to recruit the larger
motoneuron prior to the smaller motoneuron. Such a recruitment scheme could be considered a
true exception to the size principle. However, the study did not give evidence for a reversed
recruitment scheme but for selective inhibition of low threshold motoneurons which were tonically

firing, i.e., a selective deactivation of the small motoneurons (Cope and Clark, 1995).
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A confirmation of these findings has been attempted under similar conditions by Clark et
al. (1993) in the decerebrate cat. These authors found that in a small percentage of medial
gastrocnemius motor units, units with slow axonal conduction velocity exhibited slowing of their
firing rates during cutaneous input produced by skin pinch. However, when pairs of motor units
were recruited purely by tendon vibration, or skin pinch or electrical stimulation of the sural
nerve, recruitment order was always the same and 90% of the time the lower threshold unit had
the slower conduction velocity. Thus the size principle recruitment scheme was utilized during
both peripheral Ia and cutaneous input to the medial gastrocnemius motoneuron pool.

In humans, cutaneous stimulation has also been used to demonstrate the possibility of
alternative recruitment strategies to the size principle (Stephens et al., 1978; Garnett and Stephens,
1980, 1981). In this case electrical stimulation of the digital nerves of the index finger subsequent
to recruitment of a pair of first dorsal interosseous (1DI) motor units by isometric abduction of the
index finger resulted in selectively silencing the lower threshold motor unit (Stephens et al.,
1978). This effect was hypothesized to be due to the differential synaptic effects of the cutaneous
stimulation on low and high threshold 1DI motor units, where slow twitch motor units (i.e. small,
low threshold motor units) show a predominately inhibitory response and fast twitch units
showed a predominately excitatory response (Burke et al., 1970; Garnett and Stephens, 1980). It
was clearly demonstrated in later studies that electrical stimulation of the digital nerves of the index
finger did have an effect on the recruitment threshold of 1DI motor units (Gamnett and Stephens,
1981). In this study motor units with relatively high recruitment thresholds prior to cutaneous
stimulation exhibited a reduction in recruitment threshold while low threshold units exhibited
increased recruitment threshold during the cutaneous stimulation. These authors suggest that
although the order of motor unit recruitment during voluntary activation remains relatively
stereotyped, i.e. the size principle of motor unit recruitment is followed, perhaps cutaneous input
during grasp could serve to alter the recruitment pattern making the fast twitch motor units

preferentially excitable (Garnett and Stephens, 1981).
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Other studies on human motor unit recruitment have described deviations from size
ordered recruitment during different voluntary tasks (Thomas et al., 1978; Desmedt and Godaux,
1981; ter Harr Romeny et al., 1982, 1984; Nardone et al., 1989; Gielen and Denier van der Gon,
1990). In one study recruitment of 1DI motor units was examined when the muscle was
functioning as a prime mover, during isometric abduction of the index finger, and compared with
the recruitment when the muscle was functioning as a synergist, during isometric flexion of the
index finger (Desmedt and Godaux, 1981). This study showed that, overall, recruitment of pairs
of motor units proceeded according to the size principle but some pairs showed reversals in
recruitment order between the two tasks. The authors reported that when the 1DI muscle was
acting as a synergist, the motor unit pairs showed a reversal of recruitment order in 8% of the
sample. This percentage of reversals is not unlike that reported by Henneman et al. (1965) and
more likely reflects the fuzzy nature of size ordered recruitment resulting from random error rather
than a systematic deviation from size ordered recruitment (Clark and Cope, 1995).

However, other examples of an alternative recruitment strategy during voluntary activation
of multifunctional muscles are not so easily dismissed. In the human biceps brachii muscle it has
been clearly demonstrated that the recruitment threshold of a motor unit depends on the task being
performed (ter Haar Romeny et al., 1982). Motor unit recruitment was examined during three
tasks: 1) isometric flexion of the elbow joint; 2) isometric supination of the forearm; and 3)
isometric exorotation of the humerus. These authors found that some motor units were
preferentially recruited for one task and that other motor units were preferentially recruited for
other tasks. It was this preferential recruitment during various tasks that prompted the authors to
interpret the work as a possible exception to the size principle (Gielen and Denier van der Gon,
1990). Similar task-dependent recruitment results have been obtained in human extensor
digitorum communis (EDC) and abductor pollicis brevis (APB) muscles (Thomas et al. 1978). A
methodological criterion when examining pairs of motor units in this latter study was that the two
units be recruited at similar levels of effort. This clearly is a concern as random error in the

recruitment process is more likely to result in random recruitment reversals between units with
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small differences in thresholds. The authors report that recruitment between pairs of APB motor
units could be alternated by contractions of distinctly divergent direction and that alternation of
recruitment of pairs of EDC motor units was easily achieved as units seemed to be preferentially
associated with extension of different digits. The alternation in recruitment of motor unit pairs
was interpreted as evidence for a departure from the classically stated size principle of motor unit
recruitment.

Another interesting case of departure from size principle recruitment has been presented by
Nardone et al. (1989). In this case motor units in the human triceps surae muscles were
investigated during the tasks of concentric and eccentric contractions about the ankle joint. These
authors found that some units were active only during the concentric contraction, others only
diJring the eccentric contraction and still others which were recruited during the concentric
contraction and gradually derecruited during the eccentric contraction. The units recruited
exclusively during the eccentric contractions were judged to be fast-twitch units and typically
displayed a higher level of recruitment threshold. These results were interpreted as supporting the
preferential recruitment of large, fast-twitch motor units during the task of eccentric contraction.

Clearly the results from the human studies on biceps brachii, EDC, APB and triceps surae
deviate from the idea that the motoneurons of a pool are recruited in a stereotyped rank order
(Henneman et al., 1974) but do they constitute an exception to the size principle? In order to
clearly answer this, the question of the "pool" of motoneurons in which recruitment can be
compared must be readdressed (Burke, 1985). Should the definition of the "pool" be based on an
anatomical basis, as the classically defined motoneuron pool, or on a physiological basis, such as
the notion of task groups proposed by Loeb (1985)? A clear illustration of the need for
considering the idea of task groups has been given by Cope and Clark (1995). When
investigating the recruitment of two motor units, MU1 and MU2, MU?2 is defined as the larger
unit based on one of any number of good predictors of recruitment order such as conduction
velocity or tension (Cope and Clark, 1991). If MU2 is recruited prior to or in the absence of

recruitment of MU1 does this constitute an exception to the size principle? The answer of course

18




is more complex than it first appears. If the two motor units are recorded from different muscles
during entirely different tasks, the question is likely to be answered as no, this does not constitute
an exception to the size principle because the two motor units are located in separate muscles
active during different tasks. If, however, the motor units have been recorded from the same
muscle the answer is less obvious. The concept of task groups may help at this point.

The concept of task groups was developed in part to account for the differential
recruitment of motoneurons innervating the anterior portion of the sartorius muscle in the cat
during locomotion (Hoffer et al., 1987). The sartorius muscle displayed two bursts of EMG
activity during the step cycle of walking, one during the swing phase when the muscle was
shortening and the other during the stance phase when the muscle was lengthened. Motoneurons
projecting to anterior sartorius were recruited during only one of the phases, that is, during only
one of the tasks. In this case the motoneuron pool innervating this anatomically distinct muscle
was suggested to be divided into functionally separate motoneuron groups, each of which was
independently recruited to perform a particular task. The authors then suggested that such a
finding should serve as an impetus for the modification of existing theory of orderly recruitment
of motoneurons comprising an anatomically defined motoneuron pool.

Thus the anomalous recruitment reported for human motor units in biceps brachii, EDC,
APB and triceps surae (Thomas et al., 1978; Desmedt and Godaux, 1981; ter Harr Romeny et al.,
1982, 1984; Nardone et al., 1989; Gielen and Denier van der Gon, 1990), may be examples of
task groups in multifunctional human muscles. A full examination of the recruitment of human
motor units within task groups has been done for EDC (Riek and Bawa, 1992). The important
discussion emerging from these authors' work was that the presence of task groups does not
imply an exception to the size principle. These authors defined a task group as all the motor units
activated, or that could possibly be activated, during the performance of a particular task. It was
shown that the EDC muscle has independent intramuscular task groups for middle finger and ring
finger extension. Recruitment of motor units within a task group was examined by plotting the

spike triggered averaged twitch tension for a single motor unit against its recruitment threshold.
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The results showed that the size principle recruitment scheme was utilized within both the middle
and ring finger task groups. Another important point arising from these authors work was the fact
that the separation of motor units into task groups was not related to motor unit type in EDC,
rather each task group was comprised of motor units whose properties spanned the boundaries of
any one particular motor unit type.

The size principle, or orderly recruitment, persists as an explanation of the sequence in
which motoneurons are recruited (Cope and Clark, 1995). It holds for reflex and supraspinal
input to a motoneuron pool in the cat as well as for voluntary and reflex input to a motoneuron
pool or task group in humans. While recruitment order can usually be predicted by some measure
of size, it is clear that the threshold for recruitment may be modulated by cutaneous input.
However, under natural cutaneous input the effect is not production of a reversal in the
recruitment _order, but a change in the recruitment gain (Kanda and Desmedt, 1983). That is, high
threshold units exhibit reduced recruitment thresholds so that a greater proportion of the motor
units in a muscle are recruited at a given level of tension production. The functional consequence
of this orderly sequence of recruitment is a smooth gradation of force at all levels of effort,

minimization of fatigue and a reduced need of cumbersome neuronal circuitry.

Objectives of recruitment studies

Two questions have been addressed in this thesis with regard to the recruitment of
motoneurons in humans. Firstly, Denny-Brown (1949) reported that the motoneuron pool of the
human flexor carpi ulnaris (FCU) muscle was fractionated into subpopulations, each
subpopulation being activated during a different voluntary motor task: wrist flexion; wrist ulnar
deviation; and grasping. The question considered in the present report (Chapter 2; Jones et al.,
1993) is whether these separate subpopulations exist. Secondly, a question which plagues the
recruitment literature is recruitment order during normal behavior versus that seen in the restrictive
setting of the laboratory. Most recruitment experiments in human subjects have used tasks which

are considered anatomical, that is, the tasks are defined in anatomical terms, for example
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flexion/extension or abduction/adduction. The question asked in this thesis is whether there is a
difference between recruitment during restrictive “anatomical” tasks compared with more natural

“behavioral” tasks (Chapter 3; Jones et al., 1994).

Excitability of human motoneurons

Motoneuronal excitability, as used in this thesis, implies the probability of response of a
repetitively firing motoneuron to a transient excitatory input. The response probability depends
both on the intrinsic properties of the cell and on the nature and strength of synaptic inputs to the
cell. Neither of these factors is readily accessible in human studies and for this reason results
from animal studies, especially on cat motoneurons, are cautiously extrapolated to the human
spinal cord. For example, this extrapolation has been carried out to study neuronal circuitry in
man. The spinal neuronal circuits involving peripheral afferents from muscle spindles, golgi
tendon organs and cutaneous receptors, or segmental input from propriospinal neurons, or
supraspinal inputs from the cortex that were initially described in the cat or monkey. These data
formed the conceptual model for elucidating the presence of these circuits in man. Similarly, the
intrinsic properties of motoneurons gathered from animal studies have served as the starting data
for describing the biophysical characteristics of human motoneurons.

The intrinsic properties of a motoneuron are determined by the underlying passive and
active properties of the cell. For example, the amplitude of current step increment needed to evoke
a single action potential in a motoneuron, called rheobase, is an intrinsic property of the
motoneuron. It is a result of the unified functioning of the passive properties (e.g. input
resistance) with the active properties responsible for generating the action potential. Similarly, the
relationship between the firing rate of a motoneuron and the amount of depolarizing step current
injected in the soma, the f/I curve, may be considered as an intrinsic property of the motoneuron.

Certainly, presynaptic inputs are responsible for generating the depolarizing current and even
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perhaps altering the slope of the f/I curve (Binder et al., 1993), however, the final spike train

output is a property organized by the passive and active properties of the motoneuron.
Repetitive firing

During repetitive firing of a motoneuron the intrinsic properties give rise to a soma-
dendritic spike followed by an afterhyperpolarization (AHP; Calvin and Schwindt, 1972). The
voltage trajectory of the AHP between two spikes is a particularly interesting intrinsic property of
the cell as it is believed to have a significant role in the regulation of repetitive firing (Baldissera
and Gustafsson; 1971, 1974) and the response of a motoneuron to transient inputs (Fetz and
Gustafsson, 1983). In cat motoneurons the voltage trajectory of the AHP between spikes has
been qualitatively described by an initial scoop portion, where the membrane potential reaches a
minimum value, followed by a ramp-like rise in membrane potential toward threshold (Schwindt
and Calvin, 1972). The scoop and ramp of the AHP change systematically with increasing firing
rate in the motoneuron. Within the primary firing range (for our purposes we will define this
range as having a maximum value of 40 imp/s) an increase in firing rate is accompanied by a
decrease in the scoop depth of the AHP while the slope of the ramp remains relatively unchanged

(Schwindt and Calvin, 1972).
Human motoneuron trajectories

The AHP trajectories in repetitively firing human motoneurons cannot be measured in vivo
and therefore in seeking to understand the intrinsic properties of human motoneurons it seems
appropriate to start with the assumption that they are similar to those recorded in the cat. This was

the approach taken by Ashby and Zilm (1982a, b) in their formulation of a model of “effective”
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AHP trajectories8 in human motoneurons. The original model was formulated in such a way that
immediately following a spike, the trajectory was set to a scoop depth proportional to the
interspike interval (ISI) and the trajectory then rose to threshold at a constant rate (Ashby and
Zilm, 1982a). By modeling the effective trajectory this way the authors attempted to match the
behavior of cat motoneuron AHP trajectories with increases in firing rate. Thus, an increased
firing rate was modeled by a trajectory whose scoop depth became shallower while the ramp
remained constant.® The authors used this model to explore the relationship between a composite
Ia EPSP and the peri-stimulus time histogram (PSTH) constructed between the stimuli and the
spikes of the motoneuron model. The magnitude of the resulting short latency excitatory peak in
the PSTH was considered as a measure of motoneuron excitability.

From their computer simulations, Ashby and Zilm (1982a) found that the magnitude of the
peak in the PSTH varied as a function of the mean background firing rate of the model, the faster
the firing rate the greater the peak of the PSTH (expressed in terms of counts per 100 stimuli).
This result was predictable from the nature of the change in the effective trajectory of the model
with an increase in firing rate. At a faster firing rate the trajectory was shallower and, therefore,
an EPSP of a constant amplitude would be within reach of threshold for a greater proportion of
the ISI than at a slower rate. Therefore, at the faster firing rate the model predicted that the
motoneuron would be more excitable. However, their subsequent experimental observations on
human tibialis anterior motoneurons did not support the model. This led them to reassess the

model and propose a new model describing the behavior of trajectories in human motoneurons

8 The authors did not claim to model the specific membrane voltage trajectory between spikes, rather, their
trajectories represent the effective distance of an EPSP from threshold at any time during the interspike interval
(ISI). In this way the specific contributions of factors such as the membrane voltage trajectory, threshold changes
during the ISI, variations in membrane conductance and changes in EPSP amplitude with membrane potential are
lumped into a single process.

9 Although the authors suggest that their trajectories are not equivalent to membrane voltage trajectories but
instead represent an effective trajectory, they modeled the firing rate-dependent change in the trajectory exclusively
on the membrane voltage trajectory in cat motoneurons. In doing so they implicitly suggest that the effective
trajectory behaves the same as the membrane voltage and therefore the other factors, such as membrane conductance
and threshold, play little or no role in a change in the effective trajectory with firing rate.
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(hereafter referred to as the A-Z model; Ashby and Zilm, 1982b). The A-Z model of human
motoneuron trajectories was characterized by a scoop of constant depth and a ramp whose slope
varied proportionally with the firing rate. The faster the firing rate, the steeper the slope of the
ramp. The impetus for the proposal of this model of human motoneuron trajectories was the
finding that, contrary to the above prediction, an increase in the discharge rate of a human
motoneuron resulted in either a decrease or no change in the peak of the PSTH. The prediction of
the A-Z model is that an EPSP of a constant amplitude would be within reach of threshold for a
constant proportion of the ISI regardless of firing rate and, therefore, motoneuron excitability in
response to an EPSP would be independent of firing rate.

Since its inception, the A-Z model has gained considerable support in the literature and is
currently the basis for the interpretation of many human studies. The assumptions of the A-Z
model have served as a foundation for proposing negative feedback loops from the motoneuron to
the corticospinal neurons which project to it (Brouwer et al., 1989), for proposing methods of
estimating the post-synaptic potential in human motoneurons and the effect of synaptic noise on
such estimations (Midroni and Ashby, 1989; Miles et al., 1989; Poliakov et al., 1994; Turker and
Cheng, 1994), and for proposing methods for estimating the strength of common input to human
motoneurons (Nordstrom et al., 1992). It is also apparent that the use of the A-Z model in the
literature has drifted from the cautious “effective” trajectory as it was first proposed, to being
considered a model of the membrane potential trajectory underlying repetitive firing in the human

motoneuron.

The excitability of repetitively firing human motoneurons is an important property to
understand if a coherent theory of motor control is to be formulated. Also, if the intrinsic
membrane properties giving rise to membrane excitability are understood, then a deviation from
the normal pattern of excitability in any neurogenic disorder may identify the intrinsic properties

affected.
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Objective of the excitability studies

The objective was to determine some of the details of the biophysics governing repetitive
firing behavior in human motoneurons. In order to achieve this objective four studies have been
done.

The goal of the first study (Chapter 4) was to determine whether background firing rate
had an affect on the probability of response of a motoneuron to a transient input from peripheral Ia
afferents. Changes in the response probability at different firing rates were predicted for human
motoneurons because cat motoneurons demonstrate characteristic changes in AHPs with changes
in motoneuronal firing rate that could lead to changes in motoneuronal excitability (Schwindt and
Calvin, 1972). Previous human motoneuron data, however, suggests that response probability is
independent of firing rate (Asbhy and Zilm, 1982b; Miles et al., 1989).

The goal of the second study (Chapter 5) was to examine the response probability of a
motoneuron at sequential times following a spike to characterize the nature of the refractory
period. This was done in motoneurons innervating a relatively slow muscle, soleus, and a
relatively fast muscle, flexor carpii radialis (FCR). In the fast muscle responses were collected
during two modes of firing: 1) rhythmic single spike firing; and 2) doublet firing. Differences in
the nature of the refractory period were expected because cat motoneurons show characteristic
differences in AHPs between fast and slow motoneurons and following doublets (Kernell, 1965b;
Calvin, 1974).

The goal of the third study (Chapter 6) was to examine the response of human
motoneurons to two different input systems: 1) peripheral Ia input; and 2) descending
corticomotoneuronal input. Previously reported responses of human motoneurons to descending
input (Olivier et al., 1995) were qualitatively similar to the results obtained using peripheral Ia
input (Chapters 4 and 5), suggesting that the two input systems are similar. To verify this
similarity, it was important to compare both peripheral and descending input under the same

experimental conditions. If motoneuronal responses to two different input systems are similar,
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this suggests that the responses are due to the postsynaptic properties of the motoneuron rather
than to a particular input system.

The goal of the fourth study (Chapter 7) was to understand the biophysical basis for the
observed human motoneuron responses (Chapters 4 and 5). Direct measurement of the
biophysical properties of human motoneurons, however, is not possible. To estimate the human
motoneuron membrane properties, a motoneuron was modeled from the known biophysical
properties of adult cat spinal motoneurons. If a transient input to the modeled cat motoneuron
gave a similar response to that observed in the human studies, this would suggest a similarity in
membrane properties of cat and human motoneurons and enable further understanding of the

human motoneuron in both health and disease.
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Chapter 2
RECRUITMENT OF MOTOR UNITS IN HUMAN FLEXOR CARPI
ULNARIS

Introduction

Denny-Brown (1949) reported observing recruitment of separate subpopulations of the
human flexor carpi ulnaris (FCU) muscle for different motor tasks. The tasks tested were flexion
aﬁd ulnar deviation of the wrist, and grasping. It is true that most of the mammalian limb muscles
are activated during multiple tasks or contractions, leading to movement throughout a wide range
of directions. This, however, does not necessarily imply that the motoneuron pool of each of
these multi-functional muscles is fractionated into subpopulations, making a subpopulation
responsible for each particular task. Fractionation has been reported for some muscles (Loeb,
1985; Riek and Bawa, 1992), but it does not seem to hold true for two of the four main extensor
and flexor muscles of the human wrist, namely, flexor carpi radialis (FCR) and extensor carpi
radialis (ECR; Riek and Bawa, 1992). Based on Denny-Brown's (1949) observations, the
question arises, is the spinal cord organization of human ulnaris muscles quite different from the

synergistic radialis muscles?!

Methods

To answer this question the following experiments were carried out on five healthy human
subjects ( 2 male, 3 female, aged 23 - 48 years). These experiments were approved by the Ethics

Committee at Simon Fraser University.

1 This chapter has been published in Brain Research, Jones et al., 1993. Data collection and analysis was done at
Simon Fraser University under the supervision of Dr. Bawa. Dr. McMillan had joined the lab to learn single motor
unit recording from limb muscles and observe analysis.
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Details of surface EMG and SMU recording

Surface electromyographic (EMG) activity was recorded with pairs of Ag-AgCl disc
electrodes from FCU and wrist extensors. The surface EMG activity was preamplified (Grass
P15, 30 Hz - 3kHz, gain = x100) and the output of the preamplifier was directed to an AC
conditioning amplifier (10 Hz high pass filtered). Single motor unit (SMU) action potentials were
recorded with bipolar needle electrodes. The electrodes consist of two enamel (HML) coated 37
or 50 um diameter stainless steel wires which were fixed with epoxy inside a 25 gauge needle.
The wires and epoxy were ground down flush with the needle point leaving the two small non-
insulated tips of the wires exposed. The two tips were separated by two or three diameters which
allowed recording from a very small number of surrounding muscle fibers. The SMU electrodes
were connected to a preamplifier (Grass P15, 100 Hz - 10 kHz bandpass filtered, gain = x100)
whose output was fed to an AC conditioning amplifier (10 Hz high pass filtered). The output
from the amplifier was recorded on tape (Vetter PCM Recorder) together with fhe surface EMG
activity. SMU activity was displayed on an oscilloscope and fed to an audio monitor for visual

and auditory feedback to subjects.
Force recording during the four tasks

Subjects were seated with their right forearms supported by a padded horizontal platform,
as shown in Figure 2-1. The forearm was fixed with the palm oriented vertically by clamping the
wrist between two vertical plates. During the task of isometric flexion the subjects were asked to
exert a flexion torque against a vertical handle positioned along the metacarpophalangeal joints of
the palmar surface of the hand. The handle was fixed in a position such that the subjects wrist
was at an angle of approximately 10 degrees of flexion. Torque measurement was achieved by
the use of a strain gauge mounted on a horizontal bar lying in the same plane as the palm. This

bar was fixed on one end to a stable vertical shaft, which is coaxial to the axis of wrist rotation,
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Fig. 2-1 Experimental setup for recording from FCU during four tasks.
The subject was seated with the right forearm resting on the horizontal platform
and the wrist fixed in position. The shaft from the torque motor could be fixed
during isometric flexion or freed to respond to the torque motor. Strain gauges
were mounted on bars perpendicular to the direction of torque being measured. A
ground electrode was attached to the subject's forearm near the wrist. Two SMU
needle electrodes were carefully positioned such that they recorded FCU activity
and not the underlying FDP or FDS activity. Surface EMG recorded from the
wrist extensors is not shown. [Figure modified from Calancie, 1984]
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while the handle is mounted on the non-fixed end. To accommodate subjects of varying size the
handle was moved along the strain gauge bar.

During non-isometric flexion, a torque motor was used to apply an extension load to the
handle via the vertical shaft and strain gauge bar. By loading the flexor muscles with the torque
motor a large change in the angle of the wrist with flexion was avoided, thus maintaining a stable
recording. The size of the load was varied according to the threshold force of the SMU being
recorded. The subject was required to move the handle against this load through a range of
motion. A potentiometer was used to provide the subject with visual feedback of the handle
position and torque was measured as for isometric flexion.

To study ulnar deviation, strain gauges mounted on a horizontal bar perpendicular to the
plane of the hand were positioned so that the distal edge was in contact with the medial surface of
the hand at the 5th metacarpophalangeal joint. The distance between this point and the axis of
rotation of the wrist was measured for torque calculation. A subject produced an ulnar deviation
torque against the strain gauge bar to elicit motor unit recruitment.

For all force measurements the output from the strain gauges was directed to bridge
amplifiers (DC - 1 kHz, gain = 2x100). Calibration of the strain gauges was made with respect to
the output of the bridge amplifiers. Output from the bridge amplifiers was separated into two
signals: 1) AC force, filtered (0.1 - 300 Hz); and 2) DC force, unfiltered; before further
amplification. The AC force was used during spike triggered averaging to extract the motor unit
twitch tension. The DC force signal was used to measure the threshold of recruitment for the
SMU:s and as a visual feedback to the subject for maintenance of force levels. The two force
signals were recorded on tape (Vetter PCM Recorder).

The final task of cocontraction was achieved by asking the subject to cocontract the

forearm muscles without clenching the fist. No record of force was measured during this task.
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Procedure

Once a subject was seated and their forearm positioned with the force measuring devices in
place, the FCU muscle was stimulated to ascertain correct positioning for the surface EMG and
SMU electrodes. The skin was prepared for the surface electrodes and the Ag-AgCl electrodes
were secured over the muscles. Activity from the wrist extensors was recorded to observe muscle
activity during cocontraction. The SMU needle electodes were then inserted percutaneously into
the FCU muscle of the subject, making sure that the electrodes were not recording from the
surrounding finger flexors, flexor digitorum profundus (FDP) and flexor digitorum superficialis
(FDS) by ensuring that there were no SMUs recruited by pure finger flexion.

Following this check, the subject was asked to exert an isometric flexion force until the
first clear SMU was recruited. Using visual and auditory feedback of SMU firing the subject
maintained the SMU firing rate < 10 imp/s for 1 - 2 minutes. This period of recording was later
used during spike triggered averaging to compute twitch tension for this particular SMU.
Following this the subject relaxed and then steadily increased their flexion torque past the
threshold for recruitment of the first SMU until a second SMU was recruited on either electrode.
Again this unit was held at a minimum rhythmic firing rate for 1 - 2 minutes before the subject
relaxed. This procedure was repeated until such time as there were no more clear SMUSs recorded
in this electrode position. The subject was then asked to produce an ulnar deviation torque in a
ramp like manner until the first SMU was recruited. The SMU size and shape were used to
identify whether it was definitely the same unit as one of those units recruited in the isometric
flexion paradigm. The SMU was fired at a low rate for spike triggered averaging analysis, the
subject relaxed and the procedure was repeated as above.

The order of recruitment of SMUs in the two directions was then compared with the order
of recruitment when the subject was asked to cocontract the wrist musculature. The cocontraction
wés generally accompanied by cocontraction of the more proximal musculature around the elbow

and shoulder joints. The subject was asked to increase the cocontraction effort until the
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previously identified SMUSs were recruited. The order of recruitment with cocontraction was then
compared to that in the previous two tasks.

Following the completion of these three tasks and recording of a maximum number of
clearly discernible SMUs, the needle electrodes were moved to a new position and the above
procedures were repeated.

For the task of non-isometric flexion the subject was asked to maintain the handle in a
fixed position while a slowly increasing extension load was applied. As the load was increased
SMUs were recruited in a particular order (2 - 3 SMUs) and a recruitment order established. The
load was then decreased below the thresholds for all the units and the subject was asked to flex the
wrist to recruit those same units. This established a recruitment order for isometric and non-
isometric flexion which was then used for paired comparison. The needle electrodes were then

moved to a new position and the procedure is repeated.
Analysis

Analysis was done off-line from the tape recordings using a Dell 310 microcomputer and
software from RC Electronics. The threshold force of an SMU was evaluated from the amplitude
of the DC force record when the unit began to fire repetitively. The twitch tension for the SMU
was computed by the method of spike triggered averaging (Milner-Brown et al., 1973a). This
was achieved by discriminating the SMU of interest via the use of logic circuitry and generating a
transistor-transistor logic (TTL) pulse when the time/amplitude criteria are met. This pulse was
used to trigger an averaging cycle of the computer thus extracting from the AC force record the
motor units twitch. The amplitude of the twitch was read off the computer and converted to
torque values using calibrations for the strain gauges and subject moment arms.

The TTL pulse was also used to generate a first order interval histogram of the spike train
(ISTH). This histogram provided the mean and standard deviation of the interspike interval (ISI;
inverse of firing rate) of the SMU. Any units with ISIs > 100 ms were rejected due to the

likelihood of the twitch characteristics being affected by partial fusion (Calancie and Bawa, 1986).
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A test for synchronization was applied to the SMUs as the basic assumption for the validity of the
spike triggered averaging technique for twitch tensions is the asynchronous firing of motor units.
This involved spike triggered averaging of rectified and unrectified surface EMG (Milner-Brown
et al.,, 1973a). When synchronization is present the rectified-averaged EMG does not show clear
coincident peaks with the unrectified-averaged EMG. Also a slow rise in base line levels of the
rectified-averaged EMG is present £ 10 ms prior to the onset of the unrectified-averaged EMG
peak if there is synchronization of motor unit firing. The area in the rectified-average lying
between background levels and base line and the total area of the unrectified-averaged EMG were
subtracted from the total area in the rectified-averaged EMG. The resulting area was expressed as
a percentage of the total unrectified EMG area and must be < 10 % to meet the non-
synchronization criteria. If the value exceeded 10 % the SMU was rejected, however, the

frequency of synchronization tested with this method was low and resulted in few rejections.
Results

The first observation was that the FCU motoneuron pool did not exhibit distinct
subpopulations for any of the four contractions tested. Every motor unit recruited for isometric |
flexion was recruited during the other three tasks (although very few motor units could be tested
repeatedly for all four tasks).

We then tested the order of recruitment of motoneurons by paired comparisons. The

distinction between two motor units was made on the basis of differences in the size and shape of
their action potentials as shown in Fig. 2-2. The recruitment order of two single motor units
(SMUs) is shown for the four tasks tested. SMU 1 was recruited before SMU 2 repeatedly for all
four tasks. Surface EMG data for flexor and extensor muscles are shown for each task. It is
noteworthy that, while these two units were recruited with very little total EMG during isometric
flexion, they required a very strong effort during cocontraction. The recruitment of FCU units

during cocontraction always required a strong voluntary effort indicating that the FCU muscle is |
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Fig. 2-2 Recruitment order of two FCU SMU, 1 and 2, for four types of contraction.

The top panel in each quadrant shows the two units with concomitantly recorded
surface EMG from wrist flexor (middle panels) and wrist extensor (lower panels)
muscles. During each task, the smallest unit SMU 1, was recruited before the

larger unit, SMU 2. Data were sampled at 40-us intervals. Each of the calibration
bars shown in the second quadrant represent 200 puV for all three panels.
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not one of the main fixators of the forearm. The strong effort needed to activate FCU motor units
during cocontraction may be explained by the fact that shoulder and upper arm muscles are being
activated to fixate the shoulder and elbow joints prior to activation of the wrist flexors. Therefore,
the total sense of effort is very high before FCU is activated. The higher magnitudes of the
surface EMG may be attributed to cross-talk from surrounding muscles which are coactivated with
FCU during cocontraction. The larger magnitude of surface EMG or strong sense of effort
needed to recruit the FCU motor units in question, cannot be assumed to reflect activation of a

large number of additional FCU motor units not available during other tasks.

TABLE 2-1. Recruitment order with respect to 1sometric wrist flexion.

Task Total number Same order Reversals Indistinguishable
Ulnar deviation 143 137 2 4
Co-contraction 91 65 10 16
Non-isometric 49 45 0 4
flexion

Table 2-1 summarizes the data for 283 paired comparisons for 216 motor units. The
paired data presented in this table were such that their recruitment order for isometric flexion was

very stable during repeated contractions. Those motor units which were very close in threshold,

and hence interchanged their recruitment order during isometric flexion, were not tested for other
tasks. Table 2-1 shows that for 143 motor unit pairs compared between isometric flexion and
ulnar deviation, 137 (95.8%) showed the same order of recruitment. For 49 pairs coﬁ1pared
between isometric and non-isometric flexion, 45 (91.8%) pairs had the same order of recruitment.
During cocontraction, from a total of 91 pairs, 65 (71.4%) showed the same order while for 16
pairs the order of recruitment could not be distinguished. The recruitment of FCU motor units

during cocontraction was difficult and generally abrupt, the pattern being similar to that observed
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Fig. 2-3

Reversal of recruitment order during the cocontraction task.

A pair of FCU motor units recorded from separate electrodes, top two traces in
each panel, are shown after repeated testing with isometric flexion, left panels, and
cocontraction, right panels. Surface EMG from wrist flexors and extensors is
shown to illustrate the relative activation of the muscles during the two tasks. The
motor units were tested for recruitment order during isometric flexion, top left,
followed by cocontraction, top right. To check for stability of recruitment order
the pair was retested during isometric flexion, bottom left, then cocontraction
again, bottom right. The recruitment order was repeatedly reversed during the
cocontraction paradigm when compared with the order during isometric flexion.
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Fig. 24 Relationship between twitch torque and recruitment threshold for motor units
recruited during isometric flexion and ulnar deviation.
Twitch torque versus recruitment threshold for five subjects (different symbols)
are shown for isometric flexion and ulnar deviation contractions. In spite of the
scatter, these data show a monotonic increase in twitch torque with increasing
recruitment threshold.
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for ballistic contraction. Such recruitment patterns made it difficult to discern recruitment order.
It may be noted that cocontraction also exhibited reversals for 10 pairs. One such pair is
illustrated in Fig. 2-3 for the tasks of isometric flexion and cocontraction. For this pair of SMUs
the recruitment order was stable, from SMU 1 to SMU 2, during repeated trials with the isometric
flexion task. However, the recruitment order repeatedly reversed upon cocontraction.

The above mentioned observations made on motor unit action potentials reflect the
recruitment order of motoneurons in the spinal cord. These do not yield any information on size-
related recruitment. Even if they did, size related recruitment in the spinal cord would not
necessarily indicate orderly recruitment in terms of force output. The reason being that the force
vectors of different muscle units may contribute different proportions of force components in
various directions. In other words, some muscle units may be dominant in one direction while
others may contribute predominantly to another. Hence, for two distinct directions of contraction,
isometric wrist flexion and ulnar deviation, we studied the order of recruitment in terms of force
output. In each of the two directions, the twitch tension of the recorded motor units was
computed by spike triggered averaging technique (Milner-Brown et al., 1973a; Riek and Bawa,
1992). For all subjects, graphs of twitch torque versus recruitment threshold of FCU motor units
were plotted for each of the two isometric contractions and are illustrated in Fig. 2-4. These data
clearly demonstrate a monotonic increase in recruitment threshold with increasing twitch torque
for both directions of contraction. This monotonic relationship suggests an orderly recruitment, ;
from small to large, of the representative population of FCU motor units. (Motor units were

sampled up to approximately 75% of the maximum voluntary force of wrist flexion.)
Discussion

The above observations indicate that FCU motoneurons in man are not fractionated into
subpopulations for the four tasks examined here. Rather, the whole pool contributes to each of
the contractions. Furthermore, the order of recruitment is according to size principle (Henneman |

et al., 1965) for each of the contractions tested. The difference in our observations from those of
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Denny-Brown (1949) may be due to the fact that the FCU muscle is a very thin muscle
surrounded by very large finger flexors, FDP and FDS. When recording from FCU, it is
important to ensure that the indwelling electrodes are not recording activity from the surrounding
muscles. It is suggested that the separate subpopulations mentioned by Denny-Brown (1949)

were not FCU motor units, but possibly belonged to the neighboring muscles.
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Chapter 3
RECRUITMENT ORDER OF MOTONEURONS DURING
FUNCTIONAL TASKS

Introduction

Recruitment of limb motoneurons in mammals has been studied extensively for the last 35
years using both reflexive and descending excitatory inputs to the motoneuron pools (Henneman,
1957; Milner-Brown et al., 1973; Buller et al., 1980; Desmedt and Godaux, 1978, 1981; Calancie
and Bawa, 1985b; Thomas et al., 1986; Bawa and Lemon, 1993). The main observation of these
studies has been the stereotyped orderly recruitment of motor units. However, the contractions
examined have generally been isometric and carried out in anatomically defined directions. There
have been few studies that have examined recruitment of motor units during functional tasks.

The first dorsal interosseous (1DI) has been the most extensively studied muscle for
investigation of recruitment of motor units by voluntary excitatory inputs (Milner-Brown et al.,
1973; Buller et al., 1980; Desmedt and Godaux, 1981; Thomas et al., 1987). During abduction
or flexion of the index finger at the metacarpophalangeal joint, a highly ordered size related
recruitment was observed. However, with an everyday functional task in which a subject
performed the non-isometric task of using a pair of scissors, a large number of recruitment
reversals were reported in the same muscle (Thomas et al., 1987). Therefore, it is important to
study the recruitment of motor units during functional tasks, and to explain the implications of any
reversals, should they be observed.

Recently, Flament et al. (1993) studied five different tasks all of which involved
~ contractions of the 1DI, as well as other muscles. We examined recruitment of 1DI motoneurons
during three of these tasks. Isometric abduction of the index finger was used as the control for
recruitment order of pairs of 1DI motoneurons, and the recruitment order of these motoneurons

was then examined during the functional tasks of rotation and pincer grip (Flament et al., 1993).
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The other two tasks studied by Flament et. al. (power and ‘petri’ grips) involve larger movements
would have led to unstable recordings and, therefore, were not employed for single motor unit

studies.!
Methods

Experiments were carried out with the right hand of three right-handed subjects ranging in
age from 28 to 50 years (2 female, 1 male). Experiments were approved by the Ethics Committee
for human experiments at Simon Fraser University. All subjects were free of neuromuscular

disorders.
Recording

Surface electromyographic (EMG) and single motor unit (SMU) activity were recorded
from 1DI muscle (see Chapter 2 for details).

SMU activity was recorded during three tasks as illustrated in Figure 3-1. The first task
was isometric abduction of the index finger while the hand was pronated; contraction of the other
intrinsic hand muscles was kept to a minimum. The second task was rotation during which the
subject tried to loosen a threaded knob by exerting a rotational torque in an anti-clockwise
direction, gripping the knob between the thumb and the index finger of the right hand. Lastly, the
pincer task was performed by pressing a spring-loaded staple remover between the tips of the
thumb and the index finger. Abduction, as a control, was performed under strictly isometric
conditions. The other two tasks were performed against a high resistance, which did not result in

strictly isometric conditions. The purpose during the functional tasks was not to produce an

1 This work has been published in Experimental Brain Research, Jones et al, 1994. I did all the data collection and
analysis at Simon Fraser University under the supervision of Dr. Bawa. M. Lyons was an undergraduate student in

Dr. Lemon's lab during preliminary experiments. Dr. Lemon continued his collaboration at a distance by reviewing
the manuscript and discussing the data.
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Fig. 3-1

Pincer

Abduction

Rotation

Diagrams of the three tasks in which 1DI recruitment was tested.

The task of isometric abduction of the index finger was compared with the more
functional tasks of pincer and rotation. It was necessary for the subject to remain
in a relatively constant posture when switching between the three tasks to ensure
continued recording from the same SMU. The figure has been adapted from
Flament et al., 1993.
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isometric contraction; instead, we sought to maintain tonic recruitment of the motor units for 1--2
minutes and a high resistance was needed to accomplish this.

After insertion of the SMU recording electrodes, the subject was asked to make an
isometric abduction of the index finger. With the help of audio and visual feedback, the subject
was asked to increase the amount of contraction in a ramp-like fashion until the first identifiable
unit was recorded. By performing a fairly constant contraction, the subject maintained a steady
discharge rate with this unit for up to 1 minute and then increased the force of contraction to
recruit another clearly identifiable unit. The subject maintained discharge of the second unit for up
to one minute. Invariably, more than two (up to four) clearly identifiable units were recorded with
the electrodes in one position. Then the subject gently transferred the grip to the rotation device,
and performed the rotation task, exerting sufficient force to recruit the same units (if possible) that
were recruited for abduction. Next, the subject performed the pincer grip task between the tips of
the thumb and the index finger, again exerting sufficient force to recruit the same units as were
recruited for abduction. For the functional tasks of rotation and pincer, the instructions to the
subject were to increase the force slowly as was done in abduction. However, whether it was the
nonisometric nature of the contractions, or the postural setting of the fingers, very slow and
smooth contractions were not always possible. Each task was performed 2--3 times to ensure
repeatability of the observation. The intramuscular electrodes were then moved slightly to record
the next set of SMUs.

Each SMU was identified from the shape and size of the intramuscularly recorded
potential. In order to compare the order of recruitment during functional tasks with that during
abduction, the contractions were repeated several times for all tasks. Since the order of
recruitment for abduction was considered as a control, only those SMU pairs for which the
recruitment order was the same during all repetitions of the abduction task were included in the
study. For such pairs, consistent reversal of recruitment order during rotation or pincer tasks

were considered to be a genuine task dependent reversal.
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At the end of the experiment, the intramuscular electrode was removed and the subject was
asked to abduct the index finger with maximal force and hold it for 10--20 seconds. This was
repeated three times. This allowed an estimate of the surface EMG from 1DI during a maximal
voluntary contraction (MVC).

EMG and SMU data were stored on a four channel setting of a Vetter PCM recorder for
off-line analysis (rise time for SMU channel was 25 ps {14 kHz}, and for other channels 100 us
{3.5 kHz}).

Analysis

Data were analyzed on a 486 personal computer using Cambridge Electronics Design 1401
interface, with SPIKE2 and SIGAVG software. Well identified SMUs were discriminated with
the help of a BAK time-amplitude window discriminator. The resulting TTL pulse was used to
trigger the SIGAVG averaging program to produce the motor unit triggered average (MU-TA,
Palmer and Fetz, 1985; Lemon et al., 1990) response from surface EMG. Surface EMG was
acquired at a rate of 10 kHz. The peak-to-peak amplitude of MU-TA was measured for each
SMU.

For 1DI muscle, rectified or integrated surface EMG is linearly related to the total force
(Milner-Brown and Stein, 1975; Lawrence and DeLuca, 1983). To compute recruitment
threshold of a unit from surface EMG, surface EMG and SMU raw data were acquired with the
SPIKE?2 program both with a sampling rate of 10 kHz. When an SMU was just recruited, the
mean amplitude of the rectified surface EMG, averaged over the first 2 seconds of the contraction,

was taken as the recruitment threshold.

Results

Data are presented for 58 SMUs with 41 paired comparisons for abduction, 39 for pincer
and 41 for rotation. All recruitment thresholds were less than 10% of MVC. The ability to record

from high threshold motor units is dependent upon the stability of the electrode position. The
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high contraction levels needed to recruit high threshold motor units often results in the
displacement of the electrode and, therefore, the termination of recording from that unit. This,
coupled with the fact that subjects were required to move their hand to switch from one task to
another, resulted in recording from SMUs of low threshold. For a given pair of units, the lower
and higher threshold units were defined according to their recruitment order during the isometric
abduction task, with the lower threshold unit being reproducibly activated before the higher
threshold one.

Figure 3-2 shows the recruitment order of three SMUs for all three tasks. Each task was
tested 2--3 times. The mean amplitude of the rectified EMG at the time of the onset of tonic firing
for a unit was taken as its recruitment threshold. Thresholds of units 1 and 2 were very close
(10.00 pV, 10.79 nuV) while that of unit 3 was quite different (27.10 V). The peak-to-peak
amplitudes of MU-TA were 43, 70, and 217 UV suggesting recruitment in order of size (Milner-
Brown and Stein, 1975; Lemon et al., 1990).

Of the 41 pairs which showed consistent recruitment order during the abduction task, 39
were tested for pincer and 41 for the rotation tasks. There were no clear reversals for the pincer
task, but two pairs showed inconsistent recruitment order on repeated testing. Out of the 41 pairs
for the rotation task, 4 pairs showed inconsistent recruitment order, while one pair showed
recruitment reversals on repeated contractions. Thus less than 10% of the pairs were inconsistent
in recruitment order for pincer and rotation tasks, and one pair (<2%) showed a reversal for

rotation. These data are summarized in Table 3-1.

TABLE 3-1 Summary of the recruitment order of motoneurons during various tasks.

Task Total number Same order Reversals Interchangeable
Abduction 41 41 0 0
Pincer 39 37 0 2
Rotation 41 36 1 4
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Fig. 3-2 Recruitment order of 3 1DI SMUs during anatomical versus functional tasks.
A. The order of recruitment of three motor units (SMU), 1, 2 and 3, recorded
from first dorsal interosseous (1DI) muscle, are shown for contraction of 1DI
during three different tasks: abduction, pincer and rotation. For all three tasks,
unit 1 was recruited before 2, and 2 before 3. Increase in the strength of
contraction, for each of the three tasks, is indicated by an increase in the magnitude
of surface EMG. B. The shape of each of the three SMUs is shown on an
expanded time scale; the shape and magnitude of each motor unit triggered average

(MU-TA) is also shown. Calibration bars (EMG and MU-TA) 100 uV. Time
scale: A1s,B 5 ms.

46



A comparison of the recruitment threshold for all pairs of motor units is presented
graphically in Figure 3-3. Recruitment threshold of the low threshold unit during abduction is
plotted along the abscissa and that of the higher threshold unit for abduction is plotted along the
ordinate for all three tasks. All points above the line of identity indicate that the higher threshold
unit had the higher EMG value as would be expected if recruitment proceeded from small-to-large
motor units. The 39 pairs for pincer were tested 86 times, only 5 points (6%) lie below the line of
identity. For rotation, 41 pairs were tested 101 times. Only 10 points (10%) lie below the line of
identity. These data show that for low threshold units (<10% MVC), the order of recruitment for
the functional tasks of pincer and rotation is the same as that for abduction. The absolute value of
recruitment threshold for a pair of motor units during the three tasks was not the same. This may
be due in part to difference in the rates of contraction for the three tasks; surface EMG can differ
with different rates of contraction (Bigland and Lippold, 1954; Brown and Cooke, 1981). Also,
the firing rate upon recruitment was not always the minimal rhythmic firing rate for the motor unit
(which is ideally the correct measurement for recruitment threshold). Because of the nature of the
experimental paradigm and the nature of the functional contractions, maintenance of minimal
rhythmic firing rates was not always possible. For that reason, all repetitions rather than the mean
values have been plotted in Figure 3-3.

In most cases, the subject could easily separate the recruitment of the two units in a given
pair during abduction but found it harder to do so during the other two tasks. The contractions in
the other two tasks were more abrupt, faster contractions, and as a result the recruitment threshold
was slightly higher. There are four groups of data plotted in Figure 3-4; abduction versus rotation
for the low and the high threshold units and abduction versus pincer for the low and the high
threshold units. A two tailed paired t-test showed that in each series abduction, on average, had
the lower recruitment threshold at the level of p <0.01.

The size of a SMU potential as recorded by intramuscular electrodes was not highly

correlated with the size of the motor unit (Henneman et al., 1974). The size of the motor unit
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Relationship between the recruitment threshold of pairs of SMUs during various
tasks.

For a pair of units, the lower and higher threshold SMUs were identified from the
order of recruitment in the abduction task. This definition was used for pincer and
rotation irrespective of the order of recruitment for these two tasks. The mean
amplitude of rectified EMG (averaged over 2 seconds) at which the lower
threshold unit was recruited is plotted along the X-axis; the corresponding value
for the higher threshold is plotted along the Y-axis for abduction. For 41 pairs
tested for abduction, there is a total of 96 points since each pair was tested 2--3
times. For abduction, all points lie above the line of identity as would be expected.
For pincer, for 39 pairs of units, there are 86 points; with only 5 points showing
reversals. For rotation, there were 41 pairs with a total of 101 points. There was
a total of 10 points showing reversals.
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Fig. 3-4 Comparison of the recruitment threshold of functional tasks with respect to
abduction.
Recruitment threshold of all paired comparisons are plotted with the threshold for
abduction along the abscissa and those for pincer and rotation along the ordinate.
The different symbols represent: [llabduction versus pincer of the low threshold

unit, A abduction versus pincer for the higher threshold unit; Il abduction versus

rotation for the low threshold unit and A abduction versus rotation for the higher
threshold unit. One tailed paired t-test showed that abduction had the lower
recruitment threshold (p<0.01) for all comparisons.
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Fig. 3-5
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Relationship between size of MU-TA for the low and high threshold motor units of
a recruitment pair.

Motor unit triggered average (MU-TA) was computed by spike triggered averaging
of surface EMG using intramuscularly recorded SMU potential as the trigger.
Peak-to-peak amplitude of the resulting average (MU-TA) was measured for each
unit. Amplitude of the MU-TA for lower threshold unit (along the X-axis) was
compared with the amplitude of the MU-TA for the higher threshold unit (along the
Y-axis) in a pair. Comparison of 41 pairs is shown above. The filled circles show
values for units showing reversal or interchange of recruitment order. It may be
clearly seen that in general, MU-TA for the higher threshold unit was larger than
for the MU-TA for the lower threshold SMU. One-tailed paired t-test showed this
result to be significant at the level of p<0.01.
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triggered average, MU-TA, obtained from surface EMG, has a stronger correlation to the size of
the motor unit (Milner-Brown and Stein, 1975; Monster and Chan, 1977; Lemon et al., 1990).
After having determined that the order of recruitment of a pair of motor units was the same for all
three tasks, we wanted to ascertain whether the lower threshold motor unit was the smaller of the
two units. Comparison of 41 MU-TA amplitudes is shown in Figure 3-5. Most of the points lie
above the line of identity indicating that the higher threshold unit was larger in size as estimated
from the size of its MU-TA. A one tailed paired t-test showed the result to be significant at the
level of p<0.01-

The filled circles are values from pairs which showed recruitment reversal or inconsistency during

the pincer and rotation tasks.
Discussion

Previous studies on motor unit recruitment (see Calancie and Bawa, 1990 for review) have
demonstrated that recruitment proceeds in an orderly fashion according to the size principle first
enunciated by Henneman (1957). Many of the instances where preferential recruitment within a
motoneuron pool has been shown were due to the presence of task groups where different parts of
the muscle are activated during different tasks. It has been argued previously that the presence of
task groups within a muscle cannot be interpreted as a violation of the size principle (Riek and
Bawa, 1992). First dorsal interosseous is not partitioned into task groups (Thomas et al., 1986),
and this conclusion is supported by the present study. However, an important difference between
Thomas et al. (1987) and the present study is that the former reported a very high percentage of
reversals in their functional 'scissors' task, whereas we have observed less than 10% reversals
between units whose thresholds ranged within narrow limits (<10% MVC). Except for one pair,
these pairs of units did not show reversed recruitment on repeated functional contractions. Since
in the present experiments functional task contractions were carried out against fairly high
resistance, the units were recruited tonically over relatively longer periods, allowing the

recruitment order to be determined with more certainty, as for maintained isometric contractions.

51



During phasic, dynamic contractions (Thomas et al., 1987) which require the discharge of only
few action potentials, reversals are possible. For example with two motoneurons which are
different but close in size, one expects, according to the size principle, that the smaller
motoneuron will discharge before the larger one. However, with a phasic input, when the
motoneurons discharge only a few action potentials, recruitment reversals can be observed. A
small percentage of reversals seen under such conditions is not a contradiction of the size principle
but may rather be a reflection of the noise inherent in the motoneurons or in the input to the
motoneurons. The greater the difference between the sizes of the two motoneurons, the less
effect this synaptic noise will have.

Such reversals do not have serious functional consequences. For phasic contractions, one
deals with forces of the order of twitch amplitudes rather than tetanic contractions. Twitch
contractions do not differ much in sizes between motor units close in threshold. Therefore, a
reversal of recruitment between neighboring motor units will not cause any unforeseen jerky
contraction. If the reversal was between a very high threshold and a low threshold unit, it would
lead to instability. Such reversals have not been reported.

Desmedt and Godaux (1977) examined recruitment order at different contraction speeds of
1DI muscle. At the fastest speeds, when motor units discharged only 1--2 action potentials, i.e.
the contractions were phasic, the authors reported that the order of recruitment was unchanged.
The reversals observed in the muscle were attributed to conduction velocities of motoneurons.
That may be one of the factors but we suggest that synaptic noise is a dominant factor.

Another observation is that some SMUs which showed a consistent recruitment order for
abduction, showed inconsistency during the functional tasks of pincer and rotation. This may be
explained by the nature of the descending commands for the three tasks. Suppose that the
intramuscular electrode records from motor units of the rank 7 and 10 within the 1DI pool. If the
command is restricted to only one muscle, in this case 1DI for abduction, there is a certain amount
of descending activity converging on the 1DI motoneuron pool to activate motoneurons 7 and 10.

During rotation (or pincer task), many more synergists are involved (Flament et al., 1993). Even
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though the portion of the descending command to 1DI may be the same, the total descending
command is much larger in order to activate the first 10 motoneurons of the 1DI pool as well as
the other synergistic motoneurons. With a descending input for abduction alone, 100% of the
command is responsible for discharging only 10 motoneurons, and separation of recruitment of
the 7th and 10th motoneurons is then very easy. On the other hand, for rotation, the total
descending command is much larger, only a percentage of it is going to discharge 1DI
motoneurons. This may lead to a lack of precision voluntary control of 1DI motoneurons in the
functional tasks.

Despite the very considerable differences in the three tasks performed by our subjects, the
order of recruitment of motor units is invariant. Thus, although there is indirect evidence for task-
related changes in the central commands used to activate the 1DI (Flament et al., 1992), these
commands do not appear to have at their disposal different task groups within this muscle. The
command results in an orderly recruitment which is the same for all three tasks, which suggests
that this order is intrinsic to the motoneuron pool. The precise action of the 1DI muscle is
determined not by the command to 1DI but to the entire hand, and especially to the long finger

extensors and flexors, (Schieber, 1993).
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Chapter 4
RESPONSES OF HUMAN MOTONEURONS TO Ia INPUTS:
EFFECTS OF BACKGROUND FIRING RATE.

Introduction

Synchronous activation of a population of Ia afferents elicits a composite excitatory
postsynaptic potential (EPSP) in the motoneurons upon which they converge. The effects of this
input on the ongoing activity of the postsynaptic neuron may be quantified by cross-correlating the
output spike train of the motoneuron with the stimuli that give rise to the composite EPSP. The
results appear as a peak in the peri-stimulus time histogram (PSTH; Fetz and Gustafsson, 1983)
which may be quantified in terms of response probability (number of events in the peak / number
of stimuli applied).

The magnitude and the shape of the PSTH peak depends upon the shape and amplitude of
the composite EPSP (Ashby and Zilm, 1982a; Fetz and Gustaffson, 1983). The characteristics of
the composite EPSP, produced by the input volley depend in turn, on both the active and the
passive properties of the motoneuron (Rall, 1977; Schwindt and Calvin, 1973). Since many
active parameters of a repetitively firing motoneuron vary with firing rate (Schwindt and Calvin,
1972, 1973; Calvin, 1974), it is expected that the characteristics of the composite EPSP, and
hence the peak of the PSTH will also vary with the firing rate of the motoneuron.

Human studies of the Ia-to-motoneuron synaptic system have not supported such a
relationship between response probability and the firing rate of the motoneuron (Ashby and Zilm,
1982b; Miles et al., 1989). On the other hand, human studies using complex EPSPs generated by
transcranial magnetic stimulation (TMS) of the motor cortex have suggested a dependence of
response probability on the background firing rate of the motoneuron (Brouwer et al., 1989;

Olivier et al., 1995). The interpretations of the results from these two studies differ considerably.
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There may be many reasons why the results obtained with TMS may differ from those
obtained using peripheral Ia stimulation. Firstly, the descending volley produced by TMS
consists of a series of wavelets producing a complex EPSP in the motoneuron (Edgley et al.,
1990). This complex EPSP produces a complex excitatory peak in the PSTH which is difficult to
interpret in terms of the underlying EPSP. Secondly, a voluntary increase in the firing rate of the
motoneuron may alter the excitability of the motor cortex to the TMS (Brouwer et al., 1989).
Thus the descending volley generated by the same stimulus at the motor cortex may differ at the
two different rates. However, Olivier et al. (1995) attribute the rate effect on response probability
using TMS to the properties of the motoneuron as opposed to the motor cortex. If the effect of
firing rate on response probability to TMS is mediated by the motoneuron the question arises why
a cortical input produces a different effect than a Ia inputs? Or, could the complex EPSP
associated with TMS produce results which are different from those produced by the simpler Ia
composite EPSPs?

The following study undertook a systematic examination of the effects of Ia EPSPs on the
response probability of motoneurons firing at different rates. During this examination stimuli to Ia
afferents were applied in two different modes. In the random mode of stimulation, stimuli were
applied at random with respect to the times of occurrence of motoneuron spikes. In the
"triggered-delay" mode the stimuli were applied at specific phases of the ISI (Olivier et al., 1995).
To ensure that the results are not specific to motoneuron type, we have examined the effect of
firing rate on response probability in two populations of motoneurons those innervating the fast
flexor carpi radialis (FCR) and those innervating the slow soleus muscle. The observations are

explained in terms of the biophysical properties of repetitively firing motoneurons in the cat.!

1 This work has been published as an abstract (Jones and Bawa, 1993) and is in press in the Canadian Journal of
Physiology and Pharmacology (Jones and Bawa, 1995). 1 did all experiments and analysis-at Simon Fraser
University under the supervision of Dr. Bawa.
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Methods

Eight neurologically normal subjects (2 female, 6 male) between the ages of 26-50 yrs
were recruited for these experiments. All of the subjects were right handed. The experimental
procedures were approved by the Ethics Committee on Human Experiments at Simon Fraser
University.

Single motor unit (SMU) activity was recorded from the right flexor carpi radialis (FCR)
or the right soleus muscle using bipolar intramuscular electrodes. Differential surface
electromyographic (EMG) recordings were made with Ag/AgCl disc electrodes (Grass; Quincy,
MA) fixed to the skin overlying the FCR or soleus muscles. Other details are given in Chapter 2.

Composite Ia EPSPs were produced in either FCR or soleus motoneurons by delivering
constant current stimuli to the median nerve at the cubital fossa or the posterior tibial nerve at the
popliteal fossa, respectively. A bipolar felt electrode was used for stimulation and was oriented
with the cathode placed proximally and a ground electrode attached to the upper arm or thigh. The
stimuli were applied with a Grass S88 stimulator via a SIUS stimulus isolation unit and CCU1A
constant current unit with a pulse duration of 0.3-0.5 ms for median nerve stimulation and 1.0 ms
for tibial nerve stimulation. The shorter duration stimulus was used in the upper limb to reduce
the stimulus artifact produced even though a 0.5 ms pulse is slightly less efficient in producing
pure H-reflexes (Panizza et al., 1989). The stimulating electrode was carefully positioned to
obtain an H-reflex response at the lowest stimulus intensity with little or no M wave. Once in a
satisfactory position the electrode was secured with Velcro straps.

SMUs recorded in these experiments were of the lowest threshold for voluntary
recruitment (<10% maximal voluntary contraction). Since the order of recruitment of
motoneurons with a Ia volley is the same as that with voluntary input (Desmedt and Godaux,
1978), one is able to use low intensity stimuli to generate large changes in firing probability of the

motoneurons. In trying to extend these observations to higher threshold units, the magnitude of
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the stimulus had to increase to the point where there was an unacceptable amount of superposition

of SMU responses following the stimulus and large M waves which contaminated the results.
Procedure

Subjects were asked to voluntarily recruit an SMU and maintain a tonic discharge at a
constant firing rate using audio and visual feedback. Initially, the subject was required to maintain
the repetitive discharge of the SMU at a rate that was as slow as possible and yet rhythmic. These
slow firing rates were noticeably different for soleus and FCR motoneurons (see Results). While
the subject maintained tonic discharge of the SMU, stimuli were delivered to the nerve in one of
two different modes: random or triggered-delay (Olivier et al., 1995). In the random mode of
stimulation, the stimulus was given irrespective of the times of discharge of the SMUs. That is,
the stimulus could induce an EPSP with equal probability during all phases of the ISI.

In the triggered-delay mode, the stimulus was applied at a particular delay, d, with respect
to the SMU spike in order to induce composite EPSPs at a specific phase of the ISI. This was
accomplished by online discrimination (BAK window discriminator; Clarksburg, MA) of SMU
spikes and using the output TTL (transistor-transistor logic) pulses to trigger the stimulator at a
fixed delay, d, following the SMU spike, i.e. the spike-to-stimulus delay as illustrated in Fig. 4-
1. These delays ranged from 1-60 ms for FCR and 1-80 ms for soleus SMUs. The upper limit of
these delay ranges were set so that the composite EPSP would be induced prior to the next
naturally occurring action potential when the motoneuron was firing at the faster of the two rates
being compared.

In either mode of stimulation the minimum time between two stimuli was 4-5 seconds so
that after a response the subject could recover the normal background firing rate. After at least 40
stimuli were given at the slow firing rate the subject was asked to voluntarily increase the firing
rate of the SMU and maintain tonic firing at this new elevated rate. The degree to which the
subject increased their firing rate was not controlled but generally the average ISI was reduced by

30 ms. Responses to approximately 40 stimuli were then collected at the faster firing rate.
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Fig. 4-1
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Schematic of experimental set-up.

Top: Activity of a motoneuron is recorded as single motor unit (SMU) activity in
the muscle. During the triggered-delay mode, the stimulator was triggered at a
known delay, d, by a discriminated SMU spike. During the random mode, the
stimulator output was independent of the SMU firing times. Bottom: During
triggered-delay stimulation composite EPSPs were induced in the motoneuron at
known spike-to-stimulus delays following the motoneuron spike. The dead time,
t, represents the transmission times in the reflex pathway and indicates the earliest
time a triggered stimulus may be applied following the motoneuron spike.
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The parameters that were adjusted for various experiments included: (1) the spike-to-
stimulus delay, d; (2) the firing rate of the motoneuron and (3) the mode of stimulation. For a
given condition, approximately 40 - 50 stimuli were applied, then a change would be made to
either parameter (1) or (2) and a subsequent 40 stimuli would be applied. During random
stimulation we found that it was necessary to collect responses to a larger number of stimuli,
therefore, typically 70 stimuli were given at each rate. During the course of long experiments
subjects were allowed to rest between collection periods. To ensure recording from the same
SMU, spike triggered averaging was carried out during the experiment on the raw EMG with
respect to the occurrence of the SMU spikes. The resulting motor unit triggered average (MU-TA;
Palmer and Fetz, 1985) was used to fingerprint the SMU under study.

The stimulus triggers, SMU activity and surface EMG were recorded on a PCM recorder

(Vetter instruments; Rebersburg, PA) for off-line analysis.
Analysis

Data were analyzed off-line using a 486 personal computer and a 1401plus computer
interface from Cambridge Electronic Design (CED; Cambridge, U.K.). MU-TAs were computed,
both on- and off-line, and H-reflex responses from surface EMG were averaged using the
SIGAVG software (CED), acquiring raw surface EMG at a sampling rate of 10 kHz. For spike
train analysis, SMU activity was sampled at 10 kHz and acquired along with the associated TTL
pulses, after discrimination with two in-series BAK (Clarksburg, MA) time-window
discriminators, and the stimulus triggers. The advantage of acquiring both raw SMU data as well
as the equivalent TTL pulses was that the experiment could be checked off-line for correct
discrimination of SMUSs before constructing histograms (Bawa and Lemon, 1993).

The firing rate of a motoneuron was computed by constructing first order interval
histograms, using the SPIKE2 software (CED), for each SMU, for each experimental condition.
To assess response probability of the motoneuron in response to the Ia composite EPSP, peri-

stimulus time histograms (PSTHs) were constructed between SMU spikes and stimuli using the
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SPIKE2 (CED) software. For the triggered-delay mode of stimulation, the response probability at
time T, P(T), was calculated by dividing the total number of spikes in the short latency peak of the
PSTH by the total number of stimuli applied. Due to variation in the ISI naturally occurring
spikes may arise between the triggering spike and the response peak at the longest values of T. In
these cases the stimulus is discarded and not used in calculating P(T). For the random mode of
stimulation response probability, Py, was calculated after subtracting the mean background firing
probability from the peak (Bawa and Lemon, 1993). The resulting value is a measure of the
probability of response to a single stimulus, so that a P(T) (or Py) of 0.5 is equivalent to saying
that there is a 50% chance that the composite Ia EPSP will directly evoke an action potential in the
motoneuron. In the triggered-delay mode we also need to consider the time at which the EPSP is
produced during the ISL

Statistics: Response probabilities computed for the same motoneuron at two firing rates were
tested for significant difference using paired t-tests and significant differences are reported at the

level of p <0.02.
Results

Data were obtained from 44 FCR motoneurons and 15 soleus motoneurons by recording
of SMUs in the target muscles. In response to a Ia input volley, the motoneurons showed an
increased firing probability as evidenced by a peak in the PSTH. The onset of the peak of the
PSTH during the random mode of stimulation ranged from 15.8 - 25.0 ms (mean + sd =
19.14+2.9 ms) for FCR and from 36.7 - 45.8 (40.913.4 ms) for soleus motoneurons. The onset
latencies of the peaks provide an estimate of the dead time arising from the efferent and afferent
conduction times. The dead time values, t, were then added to the spike-to-stimulus delays, d,
during the triggered-delay mode of stimulation to obtain the total delay, T=t+d, at which the EPSP

was produced in the motoneuron following the previous action potential.
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Firing rate

Firing rate and its inverse equivalent, ISI, will be used interchangeably throughout the text
as contextually appropriate. The ISIs reported in Table 4-1 were calculated from the mean of the
first order interval histograms. For the faster firing rates in FCR, mean ISIs ranged from 67 - 118
ms (8.5 - 15 imp/s) and for slow firing rates mean ISIs ranged from 95 - 175 ms (5.7 - 10.5
imp/s). For soleus the mean ISIs ranged from 114 - 162 ms (6.2 - 8.8 imp/s) for the fast firing
rates and 157 - 303 ms (3.3 - 6.4 imp/s) for the slow rates. While there is some overlap in the
ranges representing fast and slow firing rates, the majority of the rates considered fast were
greater than 10 imp/s (ISI=100ms) in FCR and greater than 6 imp/s (ISI=166 ms) in soleus. In
calculating the mean ISI from the first order histograms it was observed that the variability of the
ISIs decreased at the faster rates. This is shown in Table 4-1 as the peak width of ISIs. Peak
width represents the width of the interval histogram at + one standard deviation from the mean
value of ISI. This decrease in peak width with an increase in firing rate is a well documented
observation (Person and Kudina, 1972; Matthews, 1995) and may have implications for response

probability at different firing rates.

TABLE 4-1. ComEarison of the ISIs and their variabilitz at the fast and slow rates.

FCR SOLEUS
ISI Peak width* ISI Peak width
(ms) (ms) (ms) (ms)
Fast Meanzts.d. 89+13 2815 136+14 42+12
Range 67-118 18 - 38 114 - 162 24 - 62
Slow Meanzts.d. 13320 80+12 201138 110£59
Range 95-175 48 - 102 157-303 62 - 236

* Width of first order interval histogram at one standard deviation of the mean ISI
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Effects of baseline firing rate on response probability using random stimulation.

The effects of motoneuron firing rate on response probability to a Ia input volley were
evaluated for 15 motoneurons (8 FCR; 7 soleus) using random stimulation. Contrary to our
expectations as based on the literature (Ashby & Zilm, 1982b; Miles et al., 1989), firing rate had a
clear effect on response probability. Figure 4-2A shows PSTHs for an FCR and a soleus
motoneuron at fast and slow firing rates. Values for firing rate, response probability (P;) and
number of stimuli (N) are shown with the respective PSTH. The FCR motoneuron shows a 46 %
decrease in response probability at the fast rate compared to the slow. Similarly, the soleus
motoneurons response probability is 45% lower at the faster firing rate. Both motoneurons show
a decreased response probability at the fast firing rate.

Data for all 15 motoneurons tested with random stimulation is summarized in the bar
diagrams of Figure 4-2B. The mean percent decrease in response probability at the fast firing rate
is 58% for FCR and 44% for soleus. Paired t-tests suggested that there was a significant

difference in response probability of a motoneuron at fast and slow rates.
Response probabilities at different delays with triggered-delay stimulation.

Random stimulation induces EPSPs at all phases of the ISI with equal probability,
therefore, P, measures an averaged response probability over the whole ISI. In order to
understand the properties of human motoneurons at specific times during the ISI, the triggered-
delay mode of stimulation was employed. The triggered-delay mode of stimulation confined the
EPSP to being produced at a set delay, d, following an SMU spike and hence the equivalent total
delay, T, following the motoneuron spike. Figure 4-3 shows the results of triggered-delay
stimulation at four different delays during the ISI for an FCR and a soleus motoneuron. In both
cases the motoneuron was being voluntarily driven at a constant firing rate of 8.3 imp/s for the
FCR motoneuron and 6.8 imp/s for the soleus motoneuron. The total delay (T) at which the

EPSP was produced following the motoneuron spike was estimated from the onset latency of the
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Fig. 4-2. Effects of firing rate on the response probabilities of motoneurons during random
stimulation.
(A) Peri stimulus time histograms: In the FCR motoneuron the response
probability increased from Pr = 0.26 at the fast firing rate (14.3 imp/s, top left) to
Pr = 0.48 when the firing rate decreased (10 imp/s, middle left). In the soleus
motoneuron the response probability increased from Pr = 0.31 at the fast firing rate
(8 imp/s, top right) to Py = 0.56 at the slower rate (5.1 imp/s, middle right). (B)
Bar diagrams: The bottom part of the figure summarizes the results from the two
muscles. In FCR the mean response probability at fast rate was Pr=0.18 £ 0.09
(£ sd; n = 6) while at the slow rate Py = 0.43 £ 0.21. In soleus, at the fast rate Pr
=0.27 £ 0.05 (n = 7) and at the slow rate Pr = 0.48 £+ 0.10. The difference in Py
values at the two rates is significant in both muscles (FCR: p = 0.013; soleus: p =
0.002).
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Fig. 4-3. Peri stimulus time histograms (PSTHs) with the triggered-delay mode of
stimulation.
Response probabilities for an FCR motoneuron and a soleus motoneuron from the
same subject are shown for four different motoneuron spike-to-stimulus delays.
As the motoneuron spike-to-stimulus delay, T, was decreased, the response
probability decreased. The mean firing rate for the FCR motoneuron was 8.3
imp/s and the mean firing rate for the soleus motoneuron was 6.8 imp/s.



peak during random stimulation plus the SMU spike-to-stimulus delay, d. For both motoneurons
the response probability was the greatest at the longest delay and decreased as the EPSP was
produced progressively at shorter delays during the ISI.

The response probabilities at various delays are plotted graphically in Figure 4-4 for the
two motoneurons shown in Figure 4-3. The curve formed by joining the consecutive response
probability values will be referred to as a “response trajectory” in contrast to the membrane voltage
trajectory which is expected to constitute an important parameter affecting the response trajectory.
From Fig. 4-4 it may be seen that the response probability increases in a monotonic fashion with
increases in the total delay. The regions of the ISI that were not tested include both early and later
phases. In the initial phase of the ISI the earliest delay testable with triggered-delay stimulation is
equivalent to a SMU spike-to-stimulus delay of 1 ms plus the dead time, t. In the FCR
motoneuron this is approximately 10 ms shorter than in the soleus motoneuron because of
differences in the monosynaptic reflex times. To test for repeatability of the response
probabilities, we obtained repeat measures at some delays for the FCR motoneuron. Data points
in Fig. 4-4 with error bars show the mean and standard deviation for 3 measures of response
probability. The data illustrate that response probability values were repeatable over a range of
delays and that the profile of the response trajectory was not noticeably altered by variations in
response probability.

It may be noted that the shapes of response trajectories depend on the stimulus intensity, in
addition to the motoneuron properties. At a given firing rate, the stimulus may be strong enough
to produce a response probability of 1 at most of the delays. At the other extreme, stimuli may be
weak such that response probability remains O during most of the ISI. To avoid these two
extremes we tried to adjust the stimulus strength so that response probability was approximately

0.5 at SMU spike-to-stimulus delays of 30-40 ms.
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Fig. 4-4. Response trajectories for FCR and soleus motoneurons.

The two response trajectories shown above for the FCR (@) and soleus

(D)motoneurons are plotted with data obtained from the same motoneurons
presented in Fig. 3. The total delay along the abscissa comprises the onset time of
the peak for the motor unit (i.e. dead time) plus the motor unit spike-to-stimulus
delay, d. The firing rates were 8.3 imp/s for FCR and 6.8 imp/s for soleus. In the
FCR response trajectory, data points represent the mean of three trials with
standard deviation bars to indicate the variability in the values.
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Effect of baseline firing rate on response probability using triggered-delay stimulation

Having established the relative response probabilities at various delays we proceeded to
examine the effect of firing rate on the response probability at these specific delays. Figure 4-5
shows PSTHs from an FCR and a soleus motoneuron during triggered-delay stimulation at two
different firing rates. The EPSP was induced in the FCR motoneuron approximately 53 ms
following the motoneuron spike and resulted in a response probability of 0.49 at the slow rate
(11.8 imp/s) which increased to 0.77 at the faster rate (13.3 imp/s). The effect of firing rate is
similar for the soleus motoneuron where the EPSP was induced approximately 86 ms following
the motoneuron spike resulting in a response probability of 0.12 at the slow rate (4.9 imp/s)
which increased to 0.47 at the fast rate (7.1 imp/s).

Figure 4-6 shows data recorded from 28 FCR motoneurons (filled circles) and 10 soleus
motoneurons (open squares) during triggered-delay stimulation at various delays, T. For some
FCR motoneurons we were able to record at multiple delays resulting in a total of 41 paired
comparisons of response probability at fast and slow firing rates. The change in response
probability is plotted along the ordinate such that positive values reflect an increase in response
probability at the faster firing rate. The horizontal line drawn across the figure at zero indicates no
change in response probability between the two rates. The majority of the points lie above this
line indicating an increase in response probability with increase in firing rate irrespective of the
delay. A paired t-test showed these differences in response probability to be significant for both
FCR and soleus motoneurons. The introduction of a third axis in Fig. 4-6 (not shown for
simplicity) to show dependence on the differences in firing rates (A firing rate) for each of the
points did not provide any additional information. The reason for this may be that although two
points may have had the same difference in firing rate, the absolute values of the fast and slow
firing rates were not the same for each motoneuron. It is possible that even if this were controlled

that absolute values would have different effects in different subjects.
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PSTHs illustrating the effect of firing rate on two motoneurons.
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The figure shows the effect of firing rate on the response probability during the
triggered-delay mode. For FCR, the spike-to-stimulus delay, d, was 30 ms
(T=53ms) and for soleus it was 50 ms (T=86 ms). The response probabilities are
P=0.49 (N=41, number of stimuli) at the slow rate of 11.8 imp/s which increased
to P=0.77 (N=52) at the fast rate of 13.3 imp/s in FCR. In soleus, at the slow rate
of 4.9 imp/s the response probability was P=0.12 (N=43). At the fast rate of 7.1

imp/s, response probability increases to P=0.47 (n=55).
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Summary of the data to show the effect of firing rate on response probabilities.
Data are presented for 41 paired comparisons from 28 FCR motoneurons (@) and

10 paired comparisons from 10 soleus motoneurons (D) The data illustrate that
for the triggered-delay mode of Ia stimulation, the response probability is higher at
the faster firing rate. In FCR the points were separated into 3 groups based on total
delay, T: 1) 18-45 ms, 2) 45.1-60 ms, and 3) > 60.1 ms. A Paired t-test for each
group showed a significant difference at p < 0.01. For soleus the paired t-test also
shows that the change in P with an increase in firing rate is significant at p < 0.01.
The large scatter in the data is accounted for by differences in the firing rates and

stimulus intensities used for different paired comparisons.
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Sorting of randomly applied stimuli into sequential time intervals

An increase in the background firing rate of a motoneuron decreases its response
probability to random stimulation and yet increases the response probability to triggered
stimulation at a given delay. In an evaluation of the relationship between results with triggered-
delay stimulation and random stimulation, data were recorded from two FCR motoneurons at both
slow and fast rates in response to 274-343 random stimuli for each condition. The results are

summarized in Table 4-2.

TABLE 4-2. Comparing response probabilities of two motoneurons to random stimulation when

stimuli are sorted with respect to their occurrence during the ISL

1 2
Slow Fast Slow Fast
ISI (ms) 135 90 105 75
Py 0.72 0.47 0.65 0.51
P1-60 0.59 0.64 0.59 0.74
Prem 0.78 0.24 0.72 0.10
P2 0.11 0.51 0.38 0.68

The response probability to random stimulation (Pr) was higher at the slow firing rate for
both motoneurons. From the same data the response probability was measured again but only to
stimuli which fell within the range of 1-60 ms following the last rhythmically firing SMU spike
(P1-60). This computation is similar to that with the triggered-delay mode but covers a range of
spike-to-stimulus delays rather than a specific delay. Overall, within this range of delays,
response probability was higher at the faster firing rate supporting the results obtained with the
triggered-delay mode of stimulation. This would suggest that the remaining stimuli which fall

outside the spike-to-stimulus range of 1-60 ms must elicit a greater response probability at the
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slow firing rate. This is the case and these values are reported in Table 4-2 as Prer,. Triggered
responses at a delay of 20 ms were also examined separately for these two motoneurons to
confirm our general finding of the effect of firing rate on response probability at a given delay.

Again, we see an increase in response probability at the faster firing rate at a delay of 20 ms (Pyp).
Response trajectories at two firing rates

The comparison of P(T) values at single points of the ISIs does not necessarily reflect the
same trend during all phases of the ISI. In order to compare all successive points for the same
motoneuron firing at two different rates we obtained response trajectories for 3 FCR motoneurons
at fast and slow firing rates. The resulting profiles of the trajectories are illustrated for 2
motoneurons in Figure 4-7. Response trajectories 1 and 2 were obtained with the triggered-delay
mode of stimulation and show response probability values that are higher at the faster firing rate
(open circles) within the range of delays tested.

Response trajectories 3 and 4 were obtained from motoneuron 2 of Table 4-2. In
generating these response trajectories the stimuli were sorted into 10 ms bins with respect to their
spike-to-stimulus delay thus producing pseudo-triggered response probabilities. The average
values are plotted at the midpoint of the 10 ms bin. The resulting response trajectories support
those obtained with triggered-delay stimulation showing response probability to be higher at the
faster firing rate (open squares) at all delays greater than the dead time of 25 ms.

The differences in the two pairs of response trajectories (1&2 versus 3&4) may be
attributed to at least three factors. Firstly, the absolute firing rates are different in the two
motoneurons at the fast and slow firing rates. Secondly, the stimulus intensities, and therefore the
composite EPSPs induced in the two motoneurons may be of different amplitudes (i.e. larger
amplitude EPSP for trajectories 3&4). The third factor contributing to the differences in the two
pairs of response trajectories is the method of stimulation. Over the long period of recording there
may be a large variability in the composite EPSPs evoked by the stimulation. By using the

pseudo-triggered method of generating a response trajectory, the variability in composite EPSP
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size is distributed equally to all delays. The question then arises why use the triggered-delay
mode at all? The main reason is that with random stimulation it is difficult to keep the same
motoneuron firing repetitively at two different firing rates for long enough periods of time to
obtain enough stimuli at each delay range. Whereas with triggered-delay stimulation one can
compare response probability at fast and slow firing rates at particular delays without having to
sample throughout the entire ISI.

Using the pseudo-triggered method of generating response probabilities we were also able
to compute responses at delays within the dead time. It may be noted that for the motoneuron
shown in Fig. 4-7 the response probability increased at shorter intervals during the slow firing
rate (filled squares). The other motoneuron of Table 4-2 did not show this increase in response
probability at delays which were less than the dead time. Instead, the response probabilities for

this motoneuron were equal (almost zero) at both rates during the dead time.
Discussion

The aim of the present study was to understand the properties of human motoneurons
during repetitive firing. This was done by examining the effects of the background firing rate of a
human motoneuron on its response probability to homonymous Ia volleys. This rate effect was
examined during random and triggered-delay modes of stimulation. We found that the overall
response probability determined during random stimulation decreased with an increase in
background firing rate. However, if the EPSP was produced at a fixed delay following the spike,
the response probability increased with an increase in background firing rate. By using the two
methods of stimulation, random and triggered-delay, we were able to measure two indices of
motoneuronal excitability. During random stimulation, response probability provides an index of
the overall excitability, or the input/output gain of a repetitively firing motoneuron. While during

triggered-delay stimulation, response probability provides an index of membrane excitability at
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Fig. 4-7. Response trajectories for two FCR motoneurons at fast and slow firing rates.
Response trajectories 1 and 2 were obtained with triggered-delay mode while the
unit was firing at slow @,7.7 imp/s) and fast © 105 imp/s) firing rates. The
curves 3 and 4 were obtained from an FCR motoneuron of another subject (ll,
slow rate = 9.5 imp/s; CXtast rate = 13.3 imp/s). The data from this motoneuron
were collected with the random mode of stimulation and during analysis the stimuli
were sorted into 10 ms bins with respect to the timing of the last rhythmically
firing spike. The arrow indicates 25 ms dead time for this response peak; with this
pseudo triggered method we were able to test times shorter than the dead time.
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specific times during the ISI. Results from both methods of stimulation may be explained on the
basis of the biophysical properties of repetitively firing cat motoneurons.

The response probability of a repetitively firing cat motoneuron to an input volley has been
suggested to depend on the membrane potential and its rate of change, the firing threshold, the
membrane conductance, noise in the presynaptic-motoneuron system and the size and shape of the
EPSP (Fetz and Gustafsson, 1983; Gustafsson and McCrea, 1984; Cope et al., 1987). In the
repetitively firing cat motoneuron many of these factors change with the firing rate. For example
AHP trajectories during the ISI show characteristic decreases in scoop depth as firing rate
increases (Schwindt and Calvin, 1972; Baldissera and Gustafsson, 1974; Heyer and Llinas,
1977). The voltage threshold for action potential generation varies throughout the ISI (Calvin,
1974) and shows a correlated increase with increasing firing rates (Schwindt and Crill, 1982;
Powers, 1993). Membrane conductance during the latter part of the ISI also varies with firing rate
where motoneurons firing at a faster rate exhibit a lower conductance at a given delay following
the spike (Schwindt and Calvin, 1973; Mauritz et al., 1974). How do all these factors combine to
produce changes in response probability with respect to rate?

Consider two membrane voltage trajectories during the ISI of a motoneuron firing at two
different firing rates (solid lines, Fig. 4-8) as observed in the cat (Schwindt and Calvin, 1972). In
the presence of noise, probing the entire ISI with a composite EPSP will result in response
trajectories depicted by the dashed lines in Fig. 4-8. In the random mode, the test volley has equal

probability of arriving at all phases of the ISI. Hence the response probability is given by

ist
1

P =— | P(T)dT
= 357 [ PO

where P(T) is the response probability obtained with the triggered-delay mode at a given time T
following the spike. The average response probability over the complete ISI, Py, can be divided
into responses over three regions of the ISI. The region of the ISI probed with our triggered-

delay mode of stimulation is represented by region II on the abscissa which is marked by the
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boundaries of the dead time (t) and a spike-to-stimulus delay of 60 ms. Within this region our
results show that response probability at any time is greater at the faster firing rate. This was
supported by the random stimulation results which confined response probability calculations to
stimuli which fell within this range (P1.¢g, Table 4-2). This may be accounted for by the
biophysical factors mentioned above. Firstly, if we assume that the same amount of excitatory
synaptic current is generated by the stimulus at the slow and fast firing rates, then the lower
membrane conductance at the faster firing rate will result in a larger EPSP (Schwindt and Calvin,
1973). Within the range of firing rates tested the increment in firing threshold may be
insignificant. This leads to a second factor affecting the results in which the distance between the
membrane voltage trajectory and the firing threshold is decreased at the faster firing rate. Both of
these factors would lead to a higher response probability at the faster firing rate. On the other
hand a factor which may lead to a decreased response probability at the faster firing rate is the
increased slope of the ramp phase of the AHP. Such increases in ramp slope, which have been
analytically modeled in the cat Ia to motoneuron system (Fetz and Gustafsson, 1983), would tend
to decrease the response probability at the faster firing rate..

How does the response probability compare in the regions not probed with the triggered-
delay stimulation? In the region of the dead time (region I, Fig. 4-8) the conductance of the
membrane is very high at both rates and may result in near total shunting of the input current
resulting in a negligible EPSP. This combined with the distance of the membrane potential from
firing threshold results in negligible response probabilities which are not different at the two firing
rates. The remaining region is that following the spike-to-stimulus delay of 60 ms plus the dead
time. Since P is higher at the slower firing rate yet the summation of response probabilities in
regions I and II is greater for the faster firing rate, one can infer that the response probability in
region III. must be much higher at the slower firing rate and this has been experimentally
confirmed (Prem, Table 4-2).

Why is response probability so much higher at the slower firing rate in the latter region of

the ISI? This may be explained by using the observations reported by Person and Kudina (1972)
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Fig. 4-8. The qualitative explanation of results based on observations from intracellular
recordings of repetitively firing cat motoneurons.
Two AHP membrane voltage trajectories (solid lines) are illustrated representing
fast and slow firing rates, assuming a decrease in scoop depth at the faster firing
rate. The corresponding response trajectories are shown by the dashed lines with
response probabilities of zero at the time of the spike. Phase I depicts the dead
time, phase II depicts the interval of ISI examined with the triggered-delay mode of
stimulation. During phase II, response probability, P(T), is higher at the faster
firing rate. The response probability for the random mode of stimulation, Pr, is
given by the cumulative probability over the entire ISI which is represented by the

shaded area for the slower rate and area marked with vertical lines for the faster
rate.

76



on human motoneurons. For the rectus femoris motoneurons, the authors showed that for ISIs >
80 ms, the standard deviation of the ISI was linearly related to the ISI, i.e. the slower the firing
rate, the higher was the variability in firing rate. This was attributed to an asymptotic shape of the
trajectory. The slower the firing rate, the longer the asymptotic region thus the higher the
response probability at the slower firing rate. Both Matthews (1995) and Piotrkiewicz and
colleagues (1992) support such an idea with computer simulations which take into account firing
probability from first order interval histograms, noise and membrane potential.

The above arguments can be supported by the shapes of the membrane voltage trajectories
in the cat. It has been demonstrated that at slow firing rates, the membrane potential does not
approach threshold with a constant slope, but rather the approach to the next spike is asymptotic
(Schwindt and Calvin, 1972, Fig. 6C1; Baldissera and Gustafsson, 1974, Fig. 3). The slower
the firing rate, the longer the asymptotic region. This prolonged asymptotic region of the AHP
would give rise to the large variability in ISIs and a high response probability to an experimental
input. For the data reported in our own work (Table 4-1), ISIs showed a considerably higher
variability at the slower firing rates resulting in a much longer period of high response probability
towards the end of the ISI. On the other hand, the ISIs at fast rates had very small variability
resulting in a very short period of very high response probability.

The other factor which may contribute to a higher response probability at the slower rate in
the random mode is the presence of delayed depolarization. It has been shown previously that
motor units can fire doublets at the minimal rhythmic firing rate (Bawa and Calancie, 1983). As
the firing rate is increased the tendency to fire doublets decreased. The tendency to fire doublets
has been attributed to the presence of delayed depolarization (Calvin, 1974). Comparison of
trajectories 3 and 4 in Figure 4-7 at intervals less than 25 ms may be explained by delayed
depolarization. At the slower firing rate (trajectory 3), the increase in response probability at very
short post-spike intervals may be attributed to the presence of delayed depolarization (also Kudina
and Alexeeva, 1992), while at the faster firing rate (trajectory 4) the delayed depolarization may be

absent resulting in a lower response probability.
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Thus the results of the human experiments can be explained qualitatively using biophysical
properties of repetitively firing motoneurons in the cat discharging in response to intracellular
injections of current. However, cat motoneurons may exhibit very different membrane voltage
trajectories such as those described for fictive locomotion (Brownstone et al., 1992) or for
axotomized motoneurons (Heyer and Llinds, 1977). In these cases the membrane potential is
quite shallow over the course of the ISI. If the depth of the afterhyperpolarization (AHP) was the
main factor in determining the response probability to an input volley, we would expect to see
little change in response probability with respect to the delay following the action potential with
such trajectories. It may also be pointed out that our own results can be explained using the
properties of cat motoneurons and the explanation does not require a separate hypothetical AHP
trajectory model for human motoneurons (Ashby and Zilm, 1982b).

The literature is divided on the question of the effects of firing rate on the response
probability of motoneurons to Ia inputs. On the one hand some authors suggest that firing rate
does have an effect on response probability (Kudina, 1988; Kudina and Alexeeva, 1992;
Piotrkiewicz et al., 1992). While on the other hand, some authors report that baseline firing rate
has no effect on response probability (Ashby and Zilm, 1982b; Miles et al., 1989; Brouwer et al.,
1989; Nordstrom et al., 1992; Poliakov et al., 1994; Turker and Cheng, 1994). Kudina (1988)
reports a decrease in response probability with random stimulation and also shows results using
triggered-delay stimulation which are comparable to the present results. The differences between
Kudina’s results and our own are in the early region of the ISI where Kudina reports that for the
first 60-100 ms, the motoneurons were inexcitable and that this period of inexcitability did not
change with an increase in firing rate. Our results show that for delays as short as 16 ms
following the spike in an FCR motoneuron the response probability increased with an increase in
firing rate. These differences may be due to a variance in upper and lower limb motoneurons and
stimulus intensities.

The studies which assume no effect of background firing rate on the motoneuron response

to Ia input cite the results of primarily two papers. In the first paper (Ashby and Zilm, 1982b) the
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authors originally report that following an increase in firing rate the response probability of a
motoneuron to la input was the same or decreased slightly compared to that when the same unit
was discharging slowly. The authors settle on the former conclusion as the theoretical model
(Ashby and Zilm, 1982a) predicted no effect of firing rate on the response probability of a
motoneuron. Ashby and coworkers have reiterated the lack of effect of background firing rate on
Ia responses in a more recent study (Brouwer et al., 1989). A comparison of the response
probabilities to Ia input in this later study (Brouwer et al., 1989; Fig. 2) with the present results
shown in Fig. 2 suggests that their sensitivity for detecting an effect is low due to the extremely
low response probability values used.

The second frequently cited paper suggesting no effect of background firing rate on
response probability is that of Miles et al. (1989). However, the observations of Miles et al.
(1989) are equivalent to our results with random stimulation although they are not reported as
such. These authors report that firing rate has no effect on response probability of soleus
motoneurons to Ia inputs when firing at background rates of 6, 8 and 10 imp/s. They, however,
show a significant increase in response probability at a firing rate of 4 imp/s. The apparent lack of
a rate effect is probably due to the normalization procedure used in these studies in which
response probabilities are normalized to 166 stimuli. For example, with the motoneuron firing at
6 imp/s, 166 stimuli are given and there are 80 responses to the stimuli. This would result in a
response probability of 0.48. If the normalized response probabilities at 8 and 10 imp/s are the
same then we may assume them to be 0.48. Removing the effect of their normalization of
response probability to 166 stimuli results in response probability per stimulus (equivalent to the
present results) of 0.36 and 0.28 for firing rates of 8 and 10 imp/s respectively. Thus their results
also show a decrease in response probability with an increase in firing rate.

The present results obtained with Ia inputs are consistent with those obtained with cortical
inputs to motoneurons (Brouwer et al., 1989; Bawa and Lemon, 1993; Olivier et al, 1995). The
cortical volleys were produced using transcranial magnetic stimulation (TMS). Even though

qualitatively the effects of the two inputs are the same, quantitatively they may be different.
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Firstly, because the composite EPSP produced by the Ia volley is different from the complex
EPSP produced by a series of descending cortical volleys which result from TMS (Edgley et al.,
1990). Secondly, there is a possibility of an increase in the descending volley with voluntary
increases in firing rate because of a greater background excitability of the motor cortex. This
would be in direct contradiction of the interpretation posed by Brouwer et al. (1989) in which the
corticospinal neurons are considered less excitable at faster firing rates. In spite of these
differences, similar quantitative trends support the fact that these rate effects are attributed to the
motoneuron properties rather than to changes in the input volleys.

It may be pointed out that with voluntary increases in firing rate, there may be a decrease
in presynaptic inhibition of homonymous Ia afferent terminals, which in turn would increase the
magnitude of the Ia volley impinging on the motoneurons. This may partly contribute to our
results in the triggered-delay mode. However, this effect can not be large otherwise the reverse

effect in the random mode of stimulation would not be observed.
Main Conclusions

In summary the results of the current study present two main points. Firstly, in
combination with the results of Olivier et al. (1995), this study demonstrates that the effect of
motoneuron firing rate on response probability is qualitatively the same with Ia and
corticomotoneuronal input. This finding does not support the observations of Brouwer et al.
(1989) or their conclusions that decreased response probability to TMS at fast rates is a result of
decreased motor cortex excitability. Instead these results suggest that the intrinsic properties of
the motoneuron result in the rate effects described in the current study. Furthermore, it is
important to note that these results may be explained with reference to the biophysical properties
of cat motoneurons. Secondly, and most importantly, is the consequence these results have for
the current model of human motoneuron trajectories now considered axiomatic in the literature
(Ashby and Zilm, 1982b; Miles et al., 1989; Brouwer et al., 1989; Nordstrom et al., 1992;
Poliakov et al., 1994; Turker and Cheng, 1994). The essential feature of this model is that a
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motoneuron's response probability to a Ia input is independent of discharge rate. This essential
feature is clearly challenged by the present results and a need for redressing human motoneuron
properties revealed. In light of the need to develop a new model for human motoneurons and the
results of the present study, it seems appropriate that this be done in the context of known

properties of cat motoneurons.
Physiological relevance

Functionally, the peripheral, the descending and the interneuronal inputs to motoneurons
are generally not time locked to the motoneurons action potentials, but arrive randomly. This is
equivalent to the random mode of stimulation used in this study. Hence the input will be less
effective in modulating the discharge of the motoneuron at a higher firing rate unless the intensity
of the input increased pari passu with the firing rate of the motoneuron. This rate effect on
response probability is not due to a busy-line phenomenon but depends on the post-spike
membrane properties which vary between the different types of neurons. Another implication of
these results, both for experimental results and functional effects is that for two simultaneously
firing motoneurons, the slower firing motoneuron (therefore, generally the higher threshold one)

will be more responsive to the same input (Bawa and Lemon, 1993).
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Chapter 5§
EXCITABILITY OF FAST AND SLOW HUMAN MOTONEURONS
DURING REGULAR REPETITIVE FIRING AND FOLLOWING
DOUBLETS.

Introduction

In cat spinal motoneurons, intracellular recordings have revealed that the soma-dendritic
spike is followed by a period of afterhyperpolarization (AHP; Brock et al., 1952). For the
duration of the AHP, the relative excitability of the membrane is decreased to transient inputs due
to inactivation of fast sodium channels and activation of potassium conductances (Barrett and
Crill, 1980; Barrett et al., 1980). The duration and depth of the AHP varies throughout a
motoneuron pool in such a way that the motoneurons with the lowest rheobase, exhibit the longest
and deepest AHP (Gustaffson and Pinter, 1984; Zengel et al., 1985). The duration of the AHP is
correlated to the repetitive firing properties of the cell with minimum repetitive discharge rates
being inversely related to the duration of the AHP (Kernell, 1965). This would imply that the
lowest threshold motoneurons with the longest duration and deepest AHP, will fire at relatively
slow rates and exhibit long periods of depressed excitability following a spike.

Depth and duration of an AHP not only vary with the recruitment threshold of a
motoneuron but also with its pattern of activation. The depth and duration of an AHP are
significantly augmented when two spikes are fired in succession (Ito and Oshima, 1962) such as
following a doublet discharge (Calvin, 1974). This augmentation is due to the algebraic addition
of the conductances underlying the AHP (Baldissera and Gustafsson, 1971; 1974b). Thus post-
spike excitability of a motoneuron may be significantly affected following a doublet discharge due
to an increase in the depth, duration and conductance of the membrane during the AHP.

The objectives of this study were firstly, to systematically investigate the post-spike

excitability of the faster firing flexor carpi radialis (FCR) and slow soleus human motoneurons by
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measuring their response probability to Ia input volleys at various times during the ISI. The
second objective was to compare the changes in post-spike excitability of FCR motoneurons
following single spikes and doublet discharges. It is hoped that these data will contribute to a

better understanding of the membrane properties of repetitively firing human motoneurons.!
Methods

Experiments were performed on nine subjects ranging in age from 26 - 51 years (2
females and 7 males) including all authors. The experimental protocols were approved by Ethics
Committees on Human Experiments at Simon Fraser University and the University of Miami, and
all subjects gave their informed consent.

Surface EMG and intramuscular single motor unit (SMU) recordings were taken from the
right flexor carpi radialis (FCR) and soleus muscles of all subjects. H-reflexes were elicited in
FCR by stimulation of Ia afferents in the medial nerve at the cubital fossa, and, in soleus by
stimulation of the posterior tibial nerve at the popliteal fossa. For details of recording and
stimulation see Jones and Bawa (1995).

Stimuli were delivered in one of two modes: 1) random mode in which the stimulus
arrived randomly with respect to the discharge of SMU spikes; or 2) triggered-delay mode where
the stimulus was triggered by an SMU spike to occur at a fixed delay following the SMU spike.
In the latter mode the triggered delays varied between 1 - 80 ms for FCR and 1 - 100 ms for
soleus during regular repetitive firing. During doublet firing in FCR the delay was varied from 50

- 200 ms.

1 A portion of this study has been presented as an abstract (Jones et al., 1995). I collected the data with either Drs.
Bawa or Calancie both at the University of Miami and Simon Fraser University. I did all the analysis at Simon
Fraser University under the supervision of Dr. Bawa.
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Procedure

The procedures were essentially the same as those outlined in Chapter 4. Briefly, subjects
were asked to recruit a low threshold SMU from either FCR or soleus by making a weak
isometric contraction, and then maintain the unit’s discharge at a relatively slow but steady rate
using visual and auditory feedback. Each SMU was then studied with random and/or triggered-
delay modes of stimulation during regular single spike firing or following doublet discharge in

FCR.
Data Analysis

Data were analyzed off-line using a 486 personal computer and a 1401plus computer
interface from Cambridge Electronic Design (CED; Cambridge, U.K.) as in Chapter 4. Response
probability was computed from peri-stimulus time histograms (PSTHs; 0.1 ms binwidth)
constructed between stimuli and SMU spikes. A motor unit’s response probability at sequential
total delays was plotted and the resulting curve was termed the ‘response trajectory’. This was
done using either friggered-delay stimulation or sorting the data acquired during random
stimulation into 10 ms bins at sequential delays following the spike (see Chapter 4 for details). A
smooth curve was approximated to the response trajectory data using the optimal segments
technique (Finegood et al., 1988). For noisy data, each data point may be connected to the
subsequent point by a straight line, the resulting zig-zag curve provides a rough trend in the data.
The method of smoothing for such curves used by Finegood et al. (1988) involves minimizing the
differences in the slopes of the sequential line segments joining the data points. The algorithm
uses the data values to return a range of possible error values for the data and prompts the user to
enter an appropriate error value within that range prior to fitting the smooth curve. Zero % error
would produce a curve with more variation in slopes than the original zig-zag curve constructed
by joining the data points with a straight line. The larger the error the more closely the resulting

smoothed line will resemble a linear fit to the data. We estimated the error for the smoothing
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procedure from the standard error of the response trajectory as indicated in the RESULTS (Fig. 5-
1).

Results

Data are presented from 39 FCR SMUs, 9 of which exhibited doublet firing, and 6 soleus

SMUs. The number of SMUs and observations will be mentioned for each condition separately.
Response trajectories and their variability

Using triggered stimulation we were able to measure response probability at various times
following the motoneuron spike. Figure 5-1 illustrates the response trajectory of a single FCR
motoneuron and the 95% confidence intervals (broken lines) for response probability at each
delay. For five of the eight delays shown in Fig. 5-1 we were able to repeat the measure of
response probability at least three times. The average number of stimuli given to estimate the
response probability was 40 at any given delay. In the case of the other three delays we did not
acquire more than one observation of response probability. For these delays we have used the
average standard deviation of 0.05 obtained from the other five delays to estimate the confidence
intervals at these points.

The solid line in Fig. 5-1 has been drawn through the data points using the optimal
segments method (Finegood et al., 1988). For each delay with multiple observations, mean +
S.E.M. were calculated, and S.E.M. was expressed as a percentage of its mean value (termed
S.EM.%). An average of all S.E.M.% values was calculated. This value fell one quarter of the
way through the range of errors returned for our data by the algorithm and was used to smooth the
response trajectory curve in Fig. 5-1 and all subsequent figures. The response trajectory
illustrated by the solid line shows a monotonic increase in response probability with increasing
delay following the motoneuron spike. While there is variability in the estimate of response
probability at a given delay, this variability is low and does not critically affect the shape of the

response trajectory.
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Fig. 5-1.
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Variability of response probability during the ISI.
Response probability in an FCR motoneuron was measured using triggered-delay
stimulation at various times following the spike while the unit was firing
repetitively with a mean ISI of 113 ms (i.e 8.8 imp/s). Multiple measures of
response probability were computed at total delays of approximately 30, 40, 60,
70, and 80 ms. The mean values are plotted with their respective standard error
bars (errors at some delays are smaller than the data point). The solid line
represents the smoothed response trajectory obtained using the optimal segments
technique while the broken line represents the 95% confidence intervals about the
mean values of response probability. The probability of the motoneuron
responding to the a input volley increases in a monotonic fashion throughout the
ISI and reaches values near 1.0 at a total delay close to the mean ISL.
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Repeated measures of response probability were acquired from two other FCR
motoneurons from two separate subjects. In considering all three FCR motoneurons in which we
were able to acquire repeated measures for response probability at various delays, we found that
the estimate of response probability at a given delay had an average standard deviation of 0.05
with a range from 0.01 to 0.09. The average number of stimuli given at each delay for all three
motoneurons was 49. This suggests that our estimates of response probability with

approximately 50 stimuli are reliable.
Response trajectories from FCR and Soleus

Figure 5-2A shows 6 of the 37 response trajectories recorded from 32 FCR motoneurons.
The average ISI for the tonically firing FCR motoneurons was 112 + 10 ms (i.e. approximately 9
imp/s)which is in the slow firing range for FCR (Chapter 4). Response probabilities at sequential
delays have been connected by thin lines to illustrate the individual response trajectories of the
motoneurons. The thin solid lines illustrate responses recorded during triggered delay stimulation
while the two broken lines illustrate response trajectories acquired by sorting responses obtained
during random stimulation. The thick solid line represents the response trajectory produced by
connecting the mean values of response probability from all 37 SMUs. Figure 5-2B shows 6
response trajectories recorded during triggered stimulation of 6 soleus motoneurons. The average
ISI for the tonically firing soleus motoneurons was 154 + 9 ms (i.e. 6.5 imp/s). Again the mean
response trajectory calculated from all 6 SMUs is plotted as a thick line. The mean response
trajectories in Fig. 5-2A & B were smoothed using the optimal segments technique and the
resulting curves are illustrated in Fig. 5-2C. The data symbols represent the mean and standard
error bars for response probability at different total delays for the two populations of motoneurons
tested.

For both the fast FCR motoneurons and the slow soleus motoneurons the shape of the
smoothed mean response trajectory in Fig. 5-2C is similar to the shapes of the individual response

trajectories showing a monotonic increase in response probability with increasing delay following
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Fig. 5-2.
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Comparison of FCR and soleus response trajectories.

A. Response trajectories from 6 FCR motoneurons are shown, 4 of which were
obtained using triggered-delay stimulation (thin solid lines) and 2 obtained by
sorting responses during random stimulation (thin broken lines). Similar
individual response trajectories from another 26 FCR motoneurons were obtained
(with a minimum of 4 points per trajectory) and the average response probability at
sequential values of total delay (10 ms bins) was calculated from the 32
motoneurons. These values are connected by the thick solid line. B. Response
trajectories were acquired from 6 soleus motoneurons (thin solid lines) and
response probability values were averaged (thick line). C. Mean values of
response probability at sequential values of total delay are shown (error bars are
S.EM.). A smooth line was drawn through the data points collected from each
muscle to represent the smoothed mean response trajectory. The response
trajectories differ in both duration (time to reach response probability values of
1.0) and depth (value of response probability at a given value of total delay).
Mean firing rates: 9 imp/s (FCR) and 6.5 imp/s (soleus).
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the motoneuron spike. The time course of the mean response trajectory in FCR returns to
response probability values near 1.0 at a shorter delay following the motoneuron spike than does
the response trajectory for the soleus motoneurons. Also the soleus response trajectory seems to
have a longer period of low response probability during the first 60 ms following the motoneuron

spike.
Response trajectories from FCR during regular repetitive firing and following doublets.

The firing of a doublet greatly affected the response probability of a motoneuron to a Ia
volley. Figure 5-3 illustrates the response trajectories from 9 FCR motoneurons during repetitive
single spike firing, Fig. 5-3A, and following doublet firing, Fig. 5-3B. Four of the response
trajectories for singles and doublets were acquired during random stimulation. During regular
repetitive firing the motoneurons had an average ISI of 96 + 8 ms ( i.e. 10.4 imp/s). During
doublet firing, the average intradoublet interval was 6 ms with a range between 5 and 15 ms.
Values for interdoublet intervals were not assessed as often the motoneurons were not firing
doublets in a repetitive fashion (however see Bawa and Calancie, 1983; Kudina and Alexeeva,
1992).

That the firing of a doublet has a significant effect on the response probability of a
motoneuron may be illustrated by considering the motoneuron marked by the asterisks in Fig. 5-
3A & B. During single spike firing with a mean ISI of 110 ms the motoneuron had a response
probability of 1.0 at a delay of 90 ms. Following a doublet the response probability at a delay of
90 ms dropped to a value less than 0.2 with the same stimulus intensity. This represents an 80%
reduction in the effectiveness of the Ia volley or post-spike excitability following a doublet.

Figure 5-3C shows the smoothed response trajectory drawn through the mean response
probability values obtained during single spike firing and following doublet discharge at various
delays. The response trajectory following doublet discharge has zero values for the first 60 ms
following the first spike of the motoneuron doublet after which it slowly increases. The mean

response trajectory during regular single spike firing reaches a response probability of 0.5 near a
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Fig. 5-3.
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Effect of doublet discharge on response trajectory of FCR motoneurons.

A. Response trajectories are shown for 9 SMUs which were firing with mean
values of ISI = 96 + 8 ms during regular single spike firing. The resulting average
response trajectory (thick line) was not significantly different from that shown in
Fig. 2A. B. These same 9 SMUs were capable of firing doublet discharges with
an intradoublet interval between 5-15 ms. The response probability of a
motoneuron was significantly reduced following the discharge of a doublet. The
mean value of response probability at a given delay was calculated and the
resulting curve is represented by the thick line. C. The mean values of response
probability at sequential total delays were fitted by a smooth line to give the
smoothed mean response trajectories during regular repetitive firing and following
doublets. The time course of the response trajectory is markedly slower following

a doublet discharge.
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delay of 70 ms whereas following a doublet, the delay must be approximately 200 ms to reach the

same value of response probability.
Effect of stimulus intensity on response trajectories

The size of the composite EPSP generated by the Ia volley is a significant factor
contributing to response probability and hence the shape of the response trajectory. Response
trajectories were collected from 3 FCR motoneurons and 1 soleus motoneuron with at least two
different stimulus intensities while the motoneurons were firing at constant firing rates. Figure 5-
4 shows response trajectories from an FCR motoneuron (mean ISI = 110 % 6 ms) at three
different stimulus intensities. The response probability increased with increased stimulus
intensity, making the response trajectories shallower and shorter in duration. It is of interest that
at the shortest delay of approximately 18 ms (Fig. 5-4), response probabilities converged at the
three levels of stimulus intensity.

In another FCR motoneuron, firing at a faster rate with an ISI of 80 ms, response
probability was evaluated for four different stimulus intensities at a delay of 22 ms (the shortest
delay testable in this unit with triggered stimulation). At the lowest stimulus intensity used the
response probability was 0.29 which increased to 0.45 then to 0.80. The value for response
probability seemed to saturate around this level as the highest level of stimulus intensity resulted in

only a small increment in response probability to 0.84.

Discussion

The primary aim of this study was to add further experimental results in order to
understand the biophysics governing the repetitive firing of human motoneurons (Olivier et al.,
1995; Jones and Bawa, In press). In the previous chapter we examined the post-spike responses
of repetitively firing motoneurons to peripheral Ia volleys. Those results suggested that the
responses of human motoneurons could be qualitatively explained with reference to the properties

of repetitively firing cat motoneurons. Encouraged by these initial suggestions, we wanted to
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Fig. 5-4. Effect of stimulus intensity on the response trajectory of a motoneuron.
Using triggered-delay stimulation the response trajectory of an FCR motoneuron

was computed for three different stimulus intensities (low A; medium @; and
high ). The mean ISI (110 ms) was similar during testing with all three stimulus
intensities. The response trajectories have been drawn as smooth lines through the
data points. As the stimulus intensity increased both the depth of the response
trajectory, relative to 1.0, and the duration (from earliest delay to delay at which
response probability reached 1.0) decreased. The responses trajectories at all
stimulus intensities converged at the shortest delay of 18 ms.
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explore further the equivalence of human and cat motoneurons. The present study compared
response trajectories of: 1) motoneurons innervating fast and slow muscles; 2) a motoneuron
during normal rhythmic firing and after a doublet; and 3) the effects of the intensity of input volley
on the shape of the response trajectory.

In comparing FCR and soleus motoneurons, there were differences in the durations and
shapes of the mean response trajectories. The differences in duration of the response trajectory,
the time to return to response probability values near 1.0, are due in part to differences in the
firing rates of the two populations of motoneurons, 9 imp/s in FCR and 6.5 imp/s in soleus.
However, the differences in firing rates of FCR and soleus SMUs at these relatively low rates are
presumed to be primarily due to inherent differences in the depth and duration of their AHPs. The
two motoneuron populations have different minimal rhythmic firing rates upon recruitment during
weak isometric contraction which is strongly correlated in cat motoneurons, recruited by current
injection, with the duration of the AHP (Kernell, 1965b). Therefore, the differences in duration
of the response trajectories reflect this underlying difference in the two populations of
motoneurons tested.

It is not only the durations, but the general shapes of response trajectories from the two
motoneuron populations that were different. Firstly, in the slower firing soleus motoneurons the
response probability at a given delay is less than that of the FCR motoneurons. This results in a
deeper response trajectory for the soleus motoneurons suggesting a difference in the underlying
AHP trajectory near the minimal rhythmic firing rate of the two populations of motoneurons.
However, other factors such as input conductance may also contribute to this apparent difference
in depth. In repetitively firing cat motoneurons, input conductance at a particular delay following
a spike depends on the firing rate of the cell (Schwindt and Calvin, 1973). In the slower firing
soleus motoneurons then, the input conductance may be higher at sequential delays than that in the
faster firing FCR motoneurons which would result in a lower response probability.

In the above comparisons, the question of similarity of input currents to the two

populations of motoneurons is raised. This factor was eliminated when the response trajectories
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were compared for single spike and doublet firings. Since the single spikes and doublets were
firing randomly, equal input currents were guaranteed under both firing modes and the response
trajectories would reflect only the differences in the membrane voltage trajectories and the
magnitude of the input conductances.

Intracellular recordings have revealed increases in the depth of the AHP following doublet
up to two fold compared to that during regular single spike firing (Calvin, 1974). The response
probability at any phase of IS, if it were dependent only on the membrane trajectory, would be
reduced to, at the most, half following a doublet. But our experimental data shows that it was
reduced considerably more. For example when the mean value of response probability was 0.81
at a total delay of 90 ms during normal firing, it decreased to a mean value <0.2 after a doublet
(Fig. 5-3C). This suggested that the shunting of the input current affects the response probability
considerably. Ito and Oshima (1962) report an increase in the peak membrane potential of the
AHP of 49 % following two closely spaced spikes, however, the input conductance at the peak of
the AHP is 100% higher than that following a single spike. Such high values for input
conductance following a doublet may tend to shunt a great majority of the current arising from the
input volley and thus result in a much greater decrease in response probability than could be
attributed to differences in membrane potential alone.

Shunting of input current may also have resulted in the convergence of response
trajectories elicited with different stimulus intensities (Fig. 5-4). In this case the motoneuron was
firing at the same slow firing rate and therefore the membrane voltage trajectory during the ISI
would have been consistent throughout. The only difference contributing to the three different
response trajectories was the size of the input volley. The two response trajectories elicited by the
lower stimulus intensities seemed to have parallel time courses throughout most of the ISI which
seemed to suggest a simple relationship between the size of the input volley and the resulting
response trajectory. The third response trajectory elicited by the highest stimulus intensity did not
appear to run parallel to the other two trajectories but instead appeared to have a steeper slope.

Further discussion of the effect of EPSP amplitude on the response trajectory is left to Chapter 7.
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In spite of the convergence of response trajectories at the shortest delay at slower firing rates, we
were able to obtain quite high response probability values at shorter ISIs. When a motoneuron
was fired at a faster rate (ISI=80 ms), we were able to obtain response probability values as high
as 0.84 at a total delay of 22 ms. This effect could result from a shallower membrane voltage

trajectory and lower input conductance at the faster firing rate.
Conclusions

The results of the present study highlight the contribution of membrane conductance in
addition to the membrane voltage to the post-spike excitability of human motoneurons. Based on
membrane voltage trajectories, the cat data would suggest the response trajectories after doublets
to be, at most, twice as deep as those during regular single spike firing at a slow rate. But the
present data show that the post-doublet excitability was much lower than predicted by membrane
voltage alone. We attribute this result to the input conductance of the membrane. Another effect
attributed to high membrane conductance is the shunting of input currents resulting in convergence
of response probabilities at very short post-spike delays acquired at three different stimulus
intensities while the motoneuron was firing at a slow rate. The shunting effect of high
conductance seems to be quite obvious at this phase of the ISI. None of the previous literature
has taken conductance into account when considering response probability of a motoneuron to Ia

input.
Functional Significance

Does the response trajectory reflect the recovery phase of the AHP? If AHP alone
determined the post-spike excitability, the response trajectory would have the shape of a step
function (Chapter 4). However, the synaptic noise (Calvin and Stevens, 1968) converts this step
function into a sigmoid. This sigmoid is further affected by the membrane conductance which
varies continuously during the duration of the ISI (Baldissera and Gustafsson, 1974; Ito and

Oshima, 1962; Schwindt and Calvin, 1973). Judging from the results of Chapters 4 and 5, one
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can say that the membrane voltage trajectory has a dominant effect on the shape of the response
trajectory. This occurs as a result of the noise in the system. The relative effects of membrane

voltage, conductance and noise will be explored further in Chapter 7.
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Chapter 6
COMPARISON OF PERIPHERAL IA AND
CORTICOMOTONEURONAL COMPOSITE EPSPS IN HUMAN
MOTONEURONS.

Introduction

The spindle Ia afferent to o-motoneuron synapse has been studied extensively using
ahatomical, electrophysiological and modeling techniques. These studies have led to a better
understanding of the relationship between Ia inputs, synaptic potentials and the resulting effects
on motoneuron discharge (Gustafsson and Pinter, 1984; Walmsley and Stuklis, 1989; Segev,
Fleshman and Burke, 1990).

In cases where intracellular recordings are not possible, EPSP parameters (amplitude, rise-
time) may be estimated using spike train analysis techniques. When a rhythmically firing
motoneuron receives a transient input, the peri-stimulus time histogram (PSTH) shows an
excitatory peak. Using composite EPSPs produced by electrical stimulation of homonymous Ia
afferents, it has been shown in the cat that the area of the PSTH peak is directly related to the
EPSP amplitude, while the duration of the peak is directly related to the rise-time of the EPSP
(Fetz and Gustafsson, 1983). Adopting this approach, we compared the characteristics of PSTHs
derived from human motoneurons in response to peripheral Ia and descending
corticomotoneuronal volleys. From these observations we deduced the shapes of the composite

EPSPs, giving insight into the nature of the synaptic inputs from the two sources.!

1 A portion of this study has been presented as an abstract (Jones et al., 1995). The data was collected at both
Simon Fraser and the University of Miami with Drs. Bawa, Calancie and Hall. I did all the analysis at Simon
Fraser University under the supervision of Dr. Bawa.
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Methods

Experiments were conducted on 8 right-handed subjects ranging in age from 24 - 51
years. Experimental protocols were approved by the 'Human Ethics' committees at the two
institutions, and all subjects gave their informed consent. Single motor unit (SMU) activity was
recorded from the right flexor carpi radialis (FCR) muscle with highly-selective, bipolar needle
electrodes (Chapter 2) and surface EMG was recorded over the muscle belly using Ag-AgCl disc
electrodes (Grass Instrument Co.). A subject was asked to recruit a low threshold SMU by
making a weak, isometric contraction, and then maintain the unit's discharge at a relatively slow
but steady rate using visual and auditory feedback. The motor unit shape was discriminated to

generate a trigger pulse (BAK Electronics, Inc.).
Input Volleys

Ia volleys were produced either by an electrical stimulus applied to the median nerve
through a bipolar felt electrode placed at the cubital fossa, or by delivering a tap to the FCR tendon
at the wrist via a moving coil linear motor (Model 310, Cambridge Technology, Inc.). Electrical
stimuli to elicit the H-reflex were constant-current, 0.5 ms square-wave pulses, of sufficient
magnitude to elicit an H-reflex with minimal M-wave. The contact surface of the hammer
percussing the FCR tendon was 5 mm wide and consistent positioning throughout the experiment
was maintained by clamping the subject's forearm and hand in a fixed position. Taps were
elicited in a length controlled fashion with a duration of 3.0 ms and an amplitude adjusted so that
the surface EMG reflex response (peak-to-peak) matched that elicited by electrical stimulation
during a given experiment. Descending corticomotoneuronal volleys were generated by
transcranial magnetic stimulation (TMS) of the motor cortex using a circular coil of 9.5 cm outer
diameter (Cadwell MES-10). In all cases the coil was positioned along the midline, with the

center approximately 1 cm anterior to the vertex (Cp). For all inputs, the minimal interval between
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successive stimuli was never less than 3.5 seconds. Peripheral and TMS inputs were delivered in

either random or triggered-delay mode (see Chapter 4 for details).
Analysis

The sampling rate for data acquisition was 10 kHz while PSTHs were constructed with
bin widths of 0.1 ms (Spike2; Cambridge Electronics, Inc.). The PSTHs showed periods of
increased responses with onsets ranging from 12 - 25 ms (depending on the subject, the stimulus
and the motor unit). The total durations of increased response probability above background,
termed peak width, was determined and compared for the three excitatory inputs.

To estimate the rising phase of the underlying EPSP, a cumulative bin integration was
performed over all the bins of the peak obtained during random stimulation, starting with x=1 as
the first bin of the excitatory peak (Homma and Nakajima, 1979). The cumulative values at each
bin were normalized with respect to the total area of the peak (number of counts in the peak) and
the resulting normalized values were fit, by the method of least mean square, to the following

equation (Homma and Nakajima, 1979):

Y(x)=x° -exp(_;'Tx), ¢Y)

where X is the bin number (0.1 ms per bin), s represents slope, RT is the time constant and Y(x)
is the normalized cumulative value at bin x. The time constant, RT, determines the duration of the
rising phase of the function and, therefore, approximates the rise-time of the underlying EPSP.
The results of integration of the PSTH peak, and the shape of the response trajectories were used
to make conclusions about the rise times of the underlying EPSPs.

Statistical analysis of the data utilized paired t-tests when comparing SMUSs receiving
excitatory input from two sources, and independent t-tests when comparing the populations of

SMUs s receiving either H-reflex or TMS input. Significance is reported for values of p < 0.05.
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Results

Data were obtained from recordings of 31 flexor carpi radialis SMUs. Twelve of these
SMUs were studied with the triggered-delay mode of stimulation with each motor unit receiving
both H-reflex and TMS inputs. Six of these motor units were also studied with random
stimulation: 2 received both H-reflex and TMS inputs, 3 received TMS only and 1 received H-
reflex input alone. Thirteen units were studied with random stimulation alone with 11 of those
receiving H-reflex and 2 receiving TMS input. An additional 6 SMUs were studied in the
triggered-delay and random mode using both H-reflex and tendon tap input to each motor unit.

The mean interspike interval (ISI) of SMUs receiving H-reflex input was 108.2 + 3.0 ms
(* S.E.M.) while those receiving corticomotoneuronal input had a mean ISI of 105.8 +4.0 ms.
The ISIs (inverse of firing rate) were not significantly different for the two inputs. The onset
latency during random stimulation ranged between 14.3 - 25.5 ms (19.6 £ 1.4 ms) for TMS, 17.4
-27.9 ms (21.0 £ 0.9 ms) with H-reflex input and 24.1 - 31.5 ms (27.8 £ 3.7 ms) with tendon

taps.
Random Stimulation

Random stimulation resulted in short latency excitatory peaks in the PSTHs whose total
widths varied between 0.8 - 1.6 ms (1.25 + 0.06 ms) for H-reflex, and between 3.6 - 5.2 ms
(4.43 + 0.23 ms) for TMS. However, the excitatory peaks resulting from TMS were generally
segmented into 2-3 subpeaks: SPy, SP, SP3 (Olivier et al., 1995). We limited our investigation
to the SP; response which has been suggested to arise from the D wave (Edgley et al., 1990), in
comparing peripheral and corticomotoneuronal inputs. The mean peak width of the SP; response
was 1.33 £ 0.08 ms and ranged between 1.0 - 1.6 ms. The values for peak widths in response to
H-reflex input were not significantly different from those of the SP; response.

Figure 6-1 shows PSTHs from a motor unit in response to both H-reflex and TMS input

during random stimulation. In the bottom part of Fig. 6-1, the peaks of the PSTHs have been
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PSTHs of a SMU in response to H-reflex and TMS inputs.

The top part of the figure shows the PSTHs generated by H-reflex (left) with peak
onset at 19.4 ms (# of stimuli, n=293) and the TMS-evoked PSTH with peak
onset at 16.8 ms (right; n=326) during random stimulation. The SMU was firing
with a mean ISI of 100 ms during both conditions. The peaks of the PSTHs are
shown on an expanded time scale in the bottom panels of the figure showing the
H-reflex peak width of 1.5 ms and the TMS peak width of 5.2 ms. The TMS peak
is composed of two subpeaks, SP1 and SP,, with the SP; peak width of 1.5 ms.
The open circles are normalized cumulative bin values for the peaks. The solid
lines overlaying the peaks are an estimate of the rising phase of the EPSP obtained
by fitting Eq. I to the open circles (see METHODS). The parameters for the
equation are: H-reflex, s = 2.85, RT = 13.6 bins; SP;, s = 2.80, RT = 14.0 bins.
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Fig. 6-2. Averaged estimate of the rising phase of the composite EPSP.

Normalized cumulative data points for 14 peaks for H-reflex (A) and 7 peaks for
SP1 (B) are shown by the open circles. Eq. 1 was fitted to these data points to
obtain an average rising phase of the respective EPSP. The results of the curve fit
are shown by the solid line which is plotted for values up to x = RT. For H-reflex
input (A), the resulting fitted curve had the parameters of s = 2.9, RT = 13.5 bins
where the curve fit had an r = 0.91 with a standard error of the estimate (SEE) =
14.9 %. For the SP; component of the TMS input (B), the resulting fitted curve
had the parameters of s =2.6, RT = 15.1 bins where the curve fit had anr = 0.88
and an SEE = 16.1 %. Therefore, the fitted curves estimate the rise-times of the
composite EPSPs to be 1.35 and 1.51 ms for H-reflex and SP respectively.
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expanded showing a peak width of 1.5 ms for both the H-reflex and SP; of the TMS input. The
solid curve overlying the histogram peaks is the best fit of Eq. I to the experimental values (open
circles) and represents an estimate of the rising phase of the composite EPSP acting upon this
motoneuron. The subsequent broken line represents the solution of Eq. I beyond experimental
points and is shown only to facilitate visualization of our data with respect to the profile of an
EPSP as recorded in the cat.

Figure 6-2 illustrates the results of integration and curve fitting of Eq. 1 to all the data
collected during random stimulation. The data points (open circles) in Fig. 6-2A represent the
cumulative bin integration for 14 SMUs in response to H-reflex stimulation and Fig. 6-2B for 7
SMUs in response to TMS input. The calculated time constant for the curve describing the H-
reflex responses is RT = 13.5 bins while that for the curve describing the TMS input is RT = 15.1
bins. The rise-time estimates of 1.35 ms and 1.51 ms for responses to H-reflex and TMS
respectively, are slightly higher than the mean peak widths for H-reflex and the SP; as reported

above, but fall within one standard deviation of the mean.
Triggered Delay Stimulation

At the longest delay tested, response probability and peak width had their greatest values.
Comparison of the mean peak widths at this delay revealed no significant differences in a single
motor unit's response to H-reflex (1.23 £ 0.09 ms) or TMS (1.20 £ 0.10 ms; SP;). These values
of peak width obtained with triggered-delay stimulation were compared to those obtained with the
same input during random stimulation; no significant differences were found (n=12).

In the triggered-delay mode, the response probability of a motor unit decreased for shorter
delays, regardless of the source of excitation (TMS, H-reflex or tendon tap; Fig. 6-3). This
decrease was accompanied by an increased onset latency and narrowing of the PSTH peak (see
Olivier et al., 1995 Fig. 2A). It is suggested that if two inputs result in response peaks of quite
different widths, the response probability would fall more sharply at shorter delays for that input

producing the narrower peak. That is, the response trajectories resulting from the two inputs
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Response trajectories and the influence of peak width.

A: Response trajectories in an SMU are shown for two inputs, tendon tap (®) and
H-reflex (8). The SMU was firing repetitively with an ISI of 105 ms during taps
and 110 ms during H-reflex. The two trajectories started at approximately the
same probability values at the longest delay. As the delay was shortened, the
trajectories deviated from each other. Response probability fell sharply for the
short duration H-reflex peak (1.5 ms) compared to that for the longer duration
peak (4.4 ms) with tendon taps. B: Response trajectories of an SMU subjected to
H-reflex and TMS input during repetitive firing with a mean ISI of 95 ms during
both conditions. The trajectories for H-reflex and SP; start from a similar
response probability at the longest delays and overlap throughout the course of the
trajectory suggesting similar rise-times of the EPSPs. Total delay is equal to the
triggered-delay plus the time to onset of the response peak.
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Fig. 6-4. Average response trajectories for H-reflex and SP; responses.

The figure shows the mean and standard error from 12 SMUs for response
probabilities at different total delays. The response probabilities have been plotted
along separate ordinates so that both H-reflex and SP; start from a similar position
at the longest delay. The shapes of the two response trajectories overlap and
suggest no differences between the rising phases of the composite EPSPs
underlying the two inputs.

105



would not overlap. This hypothesis was tested with inputs produced by tendon taps and H-reflex
in 6 SMUs. The peak widths with tendon taps were 3.70 + 0.46 ms and with H-reflexes were
1.25 £ 0.15 ms. Figure 6-3A shows the response trajectories from a SMU to tendon tap and H-
reflex inputs. While both inputs result in response probabilities near 1.0 at the longest delay, the
response probability falls more sharply for the narrower H-reflex peaks as the delays are
shortened. Applying the same logic, we compared the response trajectories for SP; and H-reflex
inputs. Figure 6-3B shows that the time course of the response trajectories overlap for the SP;
response to TMS and the electrically induced Ia volley for this motor unit.

Averaged data for 12 SMU s receiving both H-reflex and TMS inputs in the triggered-delay
mode are illustrated in Figure 6-4. The response probabilities for the two inputs are plotted on
separate ordinates so as to overlay response probabilities from the two sources at the longest total
delay. This allows for a comparison of the mean response trajectories resulting from the two
inputs. This figure illustrates that the rate of change of response probability is similar for both H-

reflex and TMS input.

Discussion

The primary aim of this study was to compare the responses of repetitively firing FCR
motoneurons to peripheral Ia and corticomotoneuronal inputs. The inputs were delivered
randomly with respect to the discharge of the motor units or at a fixed delay following the motor
unit discharge. Results of the study suggest that the composite EPSPs which underlie the
responses of motoneurons to H-reflex and SP; of the TMS input have similar rise-times.

The rise-time of a composite EPSP is governed by many factors including: 1) the passive
membrane properties of the motoneuron (Rall, 1967; Gustafsson and Pinter, 1984); 2) the history
of synaptic activation (Liischer et al., 1983); 3) the time course of the post-synaptic conductance
(Lev-Tov et al., 1983); 4) the temporal dispersion of synaptic bouton activation (Walmsley and
Stuklis, 1989; Segev et al., 1990); and 5) the spatial location of the active synaptic boutons (Rall,
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1967; Walmsley and Stuklis, 1989). We will examine each of these factors in turn and their
possible contributions to the present results.

The first factor of passive membrane properties was accounted for by recording responses
to the two inputs (Ia and corticomotoneuronal) from the same motoneuron or the same population
of low threshold motoneurons. The second factor - history of synaptic activation - would have
little effect on the present results since the stimuli were delivered at slow rates (< 0.3 stimuli/s).
With respect to factor three, there is no evidence as yet which would suggest that the time course
of post-synaptic conductance changes associated with Ia or CM input to motoneurons is different.
Therefore, the contribution of this factor may be insignificant.

We believe that the last two factors play a significant role in the interpretation of the
present results. Different degrees of temporal dispersion of an input, factor four above, are
known to cause differences in the rise-times of composite EPSPs (Walmsley and Stuklis, 1989).
We have demonstrated this effect by creating different amounts of temporal dispersion in the same
pathway to the motoneuron by using two different stimuli to excite Ia afferents. Electrical
stimulation of peripheral nerves produces near-synchronous activation of the fast conducting Ia
afferents. We expect that the temporal dispersion of this volley would be minimal (Segev et al.
1990). Edgley and coworkers (Edgley et al., 1990) have convincingly argued that SP; results
from the direct excitation of the CM cells resulting in a D-wave. If the dispersion within the D-
wave with TMS was higher than that of the H-reflex we would expect longer rise-time estimates,
but this was not the case. It does not, on the other hand, seem that the temporal dispersion within
the D-wave would be significantly less than the already minimal values obtained with H-reflex.
Therefore, this factor is not likely to play a significant role in the comparison of rise-times
computed for H-reflex and the SP; response with TMS input.

The fifth factor affecting composite EPSP rise-time is the distribution of the synaptic
boutons on the soma-dendritic membrane. This information may be obtained either from
anatomical reconstruction or electrophysiological estimates. To date, there have not been detailed

anatomical studies on the distribution of synapses from the CM cells to motoneurons, in contrast
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to studies of Ia synaptic distribution (Burke et al., 1979). The electrophysiological estimates of
the synaptic location rely upon the axiom that the further a current source is from the soma, the
longer the rise-time of the resulting voltage transient (Rall, 1967). The earliest work in baboon
forearm motoneurons suggested similar time courses for both CM and Ia EPSPs (Clough et al.,
1968). A similar conclusion was reached by Jankowska et al. (1975) for hindlimb motoneurons
of Macaca irus monkeys. These authors further concluded that there was an overlap in
distribution of synapses made by group Ia and CM cells on the soma-dendritic surface of the
motoneuron (but cf. Porter and Hore, 1969).

Given the above arguments, the present results are consistent with a similar distribution of
synaptic boutons for both Ia and corticomotoneuronal inputs to the upper limb FCR motoneurons
in man. The significance of these results to motor control theory is the importance of the interplay
between the functional role of an input and its position on the soma-dendritic membrane. Since
the CM pathway is the efferent limb of the transcortical servo loop (Phillips, 1969), then it seems
reasonable that its synaptic input to the motoneuron overlaps with that of the segmental servo
loop. The role of the CM pathway during voluntary contractions implied by the proximal
placement of CM synapses in the present results, suggests that this pathway would be effective in
directly controlling the discharge rate of the motoneurons. Distally distributed inputs, on the other

hand, would be more effective in modulating the integrative properties of the motoneuron.
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Chapter 7
COMPUTER SIMULATION OF HUMAN SPINAL MOTONEURONS.

Introduction

The biophysical properties of a motoneuron impart and structure the computational process
in which the cell is engaged. These biophysical characteristics include both active and passive
parameters resulting from a host of ligand- and voltage-dependent ionic channels, the resistive and
capacitive elements of the membrane and the ionic concentration inside and outside the cell. None
of these factors can be assessed in human studies and for this reason results from animal studies,
especially on cat motoneurons, are cautiously extrapolated to the human spinal cord.

In repetitively firing spinal motoneurons of the cat, intracellularly recorded membrane
voltage trajectories between spikes undergo predictable changes with increases in firing rate
(Baldissera and Gustafsson, 1974; Schwindt and Calvin, 1972). Within the primary range of
firing an increase in firing rate is accompanied by a decrease in the maximum depth of the
membrane voltage trajectory (the scoop) following a spike with relatively little change in the latter
portion of the trajectory (the ramp) in which the membrane potential approaches threshold in a
ramp-like fashion (Schwindt and Calvin, 1972). The changes in membrane voltage at different
firing rates are accompanied by firing rate dependent changes in membrane conductance
(Schwindt and Calvin, 1973). These changes in membrane voltage and conductance during the
ISI are expected to alter the excitability of the motoneuron and because of their rate dependence,
motoneuronal excitability is predicted to vary with firing rate. In addition to the effects of
membrane voltage and conductance, the excitability of the motoneuron is affected by the level of
membrane noise produced by background synaptic input (Calvin and Stevens, 1968).

The aim of the previous studies was to design human experiments that would employ
changes in motoneuronal excitability as a means of obtaining information about the intrinsic

properties of human motoneurons (Chapters 4 and 5). Having obtained those results, the
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objectives of the following simulations were: 1) to begin to develop a model which is capable of
describing the responses of repetitively firing human motoneurons to transient input volleys; and
2) to highlight the importance of factors other than membrane voltage trajectory in determining the
excitability of repetitively firing motoneurons.

The motoneuron models in the present thesis have been architecturally and electrotonically
fashioned after an S and an FR type motoneuron innervating the medial gastrocnemius muscle of
the cat (Cullheim et al., 1987; Fleshman et al., 1988). The conductances used included a sodium
and fast potassium conductance in the initial segment as well as a sodium, fast potassium and
slow potassium conductance in the soma (Dodge and Cooley, 1973; Traub, 1977). The slow
potassium conductance was described as a time- and voltage-dependent process rather than a
calcium mediated process for simplicity. The results from this preliminary model support the
general idea that extrapolation of properties of cat motoneurons to human motoneurons is

appropriate for the explanation of the results described in Chapters 4 and 5.
Methods

All simulations were done with the Nodus software (De Schutter, 1989) on a Macintosh
Centris 660AYV computer. Spike train data resulting from the simulations was analyzed using the

SPIKE2 software (Cambridge Electronic Design) as described in Chapters 4, 5 and 6.
Neuron Structure

Motoneurons were modeled in a compartmental fashion with partitions representing the
soma, initial segment and equivalent dendrite. The measurements of the compartments were
based on the reconstruction of cat lumbosacral motoneurons reported in the literature (Cullheim et
al., 1987; Fleshman et al., 1988). The specific cells used from these publications were an S type
soleus motoneuron (identified as cell 35/4) and an FR type MG motoneuron (cell 43/5). The
structure of the two motoneurons is illustrated in Figure 7-1. The soma is represented by a sphere

with a diameter of 50.9 or 48.8 pum for the S and FR motoneuron respectively (Cullheim et el.,
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1987). The initial segment compartments are represented by cylinders of the same size in both
neurons with a diameter of 10 and length of 100 wm (Traub, 1977). The dendrites for each
motoneuron are represented by an equivalent cable whose diameter changes as a function of
distance from the soma (Fleshman et al., 1988; Clements and Redman, 1989). Each equivalent
dendrite is based on measurements taken from Fleshman et al. (1988; Fig. 9, Step Model). The
diameter of the stem compartment of the equivalent dendrite (deg(stem)) Was estimated from the

equation

n 3
deq(stem) = |:sz7:| ’ 7-1
j=1

where d; is the mean diameter of the j'th stem dendrite for n number of stem dendrites (Fleshman
et al., 1988). Starting with a stem diameter of 25 um , the equivalent dendrite for the S type
motoneuron extended for 17 compartments to a final diameter of 0.63 um. The FR type
motoneuron had an equivalent dendritic stem diameter of 40 um which gradually narrowed to a
diameter of 1 um in the nineteenth and final compartment. Both dendrites terminated in a closed
end. The length of each dendritic compartment was varied so that no compartment had an
electrotonic length greater than 0.2 A (Segev et al., 1985). The total lengths of the equivalent
dendrites were 7000 and 6675 um for the S and FR type motoneurons, respectively.

Passive and Active parameters

The passive parameters determining the cable properties of the neurons were set according
to the results of Fleshman et al. (1988) on these two cells. Specific membrane capacitance, Cyy,
was 1.0 uF/cm?2, specific cytoplasmic resistivity, R;, was 70 ©-cm and the specific membrane
resistivity, Ry, was set according to the step model of membrane resistivity (Fleshman et al.,

1988; Clements and Redman, 1989; Segev et al., 1990). The S type motoneuron had a value of

Ry at the soma of 0.7 kQ-cm2 which was stepped to a value of 20 kQ-cm? for the dendritic
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Structure of the S- and FR-type motoneuron models and their associated synapses.

The morphology of the S- and FR-type motoneurons was roughly based on the
structure of cells 35/4 (S) and 43/5 (FR) as described by Cullheim et al. (1987)
and Fleshman et al. (1988). The dendritic compartments are named as d0, d1, d2,
... etc. with the compartment most proximal to the soma being d0. The specific
membrane resistivity has been set according to the step model with values for the
soma and dendritic compartments taken from the data of Fleshman et al. (1988) for
these two cells. This resulted in a total electrotonic length of 2.29 and 2.45 for the
S- and FR-type motoneurons respectively. The size of the initial segments, to the
left of the soma, was the same in both models. Synaptic distribution was roughly
based on the results of Segev et al. (1990) for these same two motoneurons.
Although shown as number of synapses per compartment, synaptic input was
actually modeled as a single synapse in each compartment with a peak conductance
equal to the number of synapses assigned to the compartment as shown above
multiplied by a variable maximum conductance for a single synapse.
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compartments. The FR type motoneuron had values for Ry, of 0.225 and 11 kQ-cm? for the
soma and dendrites respectively. The resulting electrotonic lengths of the equivalent dendrites
were 2.29 and 2.448 for the S and FR type neurons respectively. The Ry, of the initial segment in
both neurons was set equal to that of the soma.

All ionic currents were simulated by standard Hodgkin-Huxley (H-H) equations (Hodgkin
and Huxley, 1952) as described and adapted from Traub (1977). Active properties were
associated with the initial segment and soma compartments only, and consisted of 5 H-H
conductances along with the passive resistive properties mentioned above (equations in
APPENDIX). The initial segment contained a sodium conductance giving rise to a fast inward
current, INags) [Eq. A-5] (cf. Barrett and Crill, 1980), and a “fast” potassium conductance giving
rise to a delayed rectifier type current, Igfis) [Eq. A-10]. The soma compartment (x) contained a
sodium conductance, INa(x) [Eq. A-13], a “fast” potassium conductance, Ixfx) [Eq. A-18], and a
“slow” potassium conductance, Ixsx) [Eq. A-21], which gave rise to the afterhyperpolarization.
The “fast” and “slow” potassium conductances are analogous with those described by Barrett et
al. (1980) for cat motoneurones. The sodium and “fast” potassium conductances in the initial
segment are activated at a lower threshold relative to the equivalent conductances in the soma
(Dodge and Cooley, 1973). All sodium and “fast” potassium conductances were the same for the
two types of motoneurons , however, the “slow” potassium conductance parameters were
adjusted differently in each model as described below. The density of sodium and “fast”
potassium conductances was set according to previous models of cat spinal motoneurons (Traub,

1977; Traub and Llinds, 1977).
Behavior of the motoneuron models

In order to obtain the input resistance of the two motoneuron models, hyperpolarizing
current pulses of 1 nA amplitude and 50 ms duration were applied to the soma compartment and
the resulting membrane potentials plotted in Figure 7-2A. This was repeated at three intensities of

current for the two motoneurons and resulted in a linear steady state current/voltage relationship
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(Fig. 7-2B). Input resistance, RN, for the two neurons was obtained from the slope of the
regression line through the data of Fig. 7-2B. Ry for the S type motoneuron was 3.9 MQ and

2.0 MQ for the FR type motoneuron. The time constants for the two motoneurons were obtained

by injecting 20 nA, 0.2 ms hyperpolarizing pulses to the soma compartment of the two neurons.

The resulting voltage transient was plotted on a semilogarithmic plot and the time constant, T,

was computed by curve fitting with the equation

V(t)=C, exp(Z] 7.2
(Fleshman et al., 1988). The equation was fit to the transient record over a 5 ms period centered
at 1.5 times the experimental value of tg reported in Fleshman et al. (1988). The tg values
computed in this manner were 16.4 and 8.8 ms for the S and FR type motoneurons respectively.
For the firing behavior of the motoneuron, the following equation was solved for

membrane potential, Viy[x], at the soma:

oV V. —E Vit — &
Cm L] = 2 £ + 8ionlx Vm x)’ t Vm Q- Eion + —e—L * Ii"' ’ 73
> R, g, i Vontsr (Vi ) Zy: R, J

where the subscript [x] refers to the soma compartment and [y] to the compartments linked to [x].

The total somatic resistance is given by

R, =7nD’R, Q,
with D = 50.9 um for the S-type motoneuron and 48.8 um for the FR-type motoneuron. Ry is
taken to be the inverse of the passive leak conductance gj in our model. The first term in Eq. 7-3
represents the leak current, the next term represents the sum of the ionic currents located in the
soma compartment. The contribution of currents from other compartments is represented in the
third term of Eq. 7-3 and the final term is the injected current. To obtain Vi[x] as a function of
timé, Eq. 7-3 was integrated by using the forward Euler method (Moore and Ramon, 1974)

according to the equation
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where V) is the initial value of membrane voltage and is the initial slope. It is a simple and

fast, though unstable, numerical integration method and was suitable for the computing power we
had access to.

An action potential was elicited by injecting a 0.5 ms, 10 nA depolarizing current pulse
into the initial segment and the resulting AHP recorded from the soma is plotted in Fig. 7-2C for
each motoneuron. The parameters describing the AHP of the 2 motoneurons are reported in Table
7-1.. The depth and duration of the AHPs was adjusted to match the values reported by Zengel et
al. (1985) for type identified motoneurons in the cat by adjusting parameters of the “slow”
potassium conductance. Depth of the AHP was adjusted by changing the density of the slow
potassium conductance on the soma and duration was adjusted by changing the numerator in the

backward rate function Bq [Eq. A-23, A-26].

TABLE 7-1. Summgz of AHP parameters for the two motoneuron models

S FR

AHP magnitude, mV 4.8 4.1
AHP duration, ms 160 90
AHP half-decay time, ms 48 23

Following adjustment of conductances to match reported cat spinal motoneuron AHP
parameters, repetitive firing was elicited by injecting long duration current pulses into the soma

compartments of the two motoneuron models. The interspike intervals (ISIs) were measured

115



(A)

Time (ms) 12
0 20 40 60 80 s
FR
0
- :
2 FR
E 2 £
E <
>
-3 S
2
-4 1 2 3
Current Step Amplitude (nA)
(C) i (D)
0 R 100 . o
g Q
_ S 75
S £
é -3 o 50
£ ©
> o
g 25
E
-6 0
0 40 _ 80 120 160 0 5 10 15 20
Time (ms) Current (nA)
Fig. 7-2 Behavior of the two model motoneurons.

A: Response of the two motoneurons to a 50 ms hyperpolarizing current of 1.0
nA. The time course of the change in membrane potential is slower for the S-type
motoneuron. The maximum change in membrane potential was measured just
prior to the offset of the current input for use in determining input resistance. B:
The maximum change in membrane potential was plotted with respect to the
amplitude of the current input for the two motoneurons. Linear regression analysis
of the data was used to estimate the input resistance of the motoneurons. The

equation of the line fit to the data from the S-type motoneuron was AV=3.91-0.33,

and that fit to the data from the FR-type motoneuron was AV=2.01-0.033. C: An
action potential was elicited by a 0.5 ms 10 nA current pulse injected into the initial
segment. The resulting AHPs for the two motoneurons are shown after the
models have been set with AHP parameters according to the cat literature. D:
Relationships between firing rate and amplitude of current injected into the soma
(the f/1 curves) during steady state firing are shown for the two motoneurons. The
S-type motoneuron begins repetitive firing at a lower value of current and has a
lower minimal rhythmic firing rate compared to the FR-type motoneuron. The S-
type motoneuron shows a primary and secondary firing range over the values of
currents tested and the slope of the line fit to the primary range is less than that fit
to the data from the FR-type motoneuron.
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following adaptation and the inverse, firing rate, was plotted with respect to the amplitude of
current injected into the soma to produce the f/I curve plotted in Fig. 7-2D. The S type
motoneuron exhibited both a primary and secondary range (Kernell, 1965a) which was fit by
regression analysis in two parts. The line fit to the primary range (between 2 - 9 nA) had a slope
of 4.4 imp-s~1/nA while that fit to the secondary range had a slope of 12.3 imp-s-1/nA. The FR
type motoneuron was characterized by a single linear regression line with a slope of 5.4 imp-s-
I/mA. The f/I curves in the primary range agree with the data reported by Kernell (1965b) where
small (i.e. S type) motoneurons are shown to have aless steep slope and begin repetitive firing at
lower values of injected current. The secondary range in the S type motoneuron was unexpected
but was not explored further as this range of firing rates is seldom reported in normal human
motoneurons. The motoneurons also show an inverse relationship between AHP duration and
minimal rhythmic firing rate characteristic of cat motoneurons studied intracellularly (Kernell,

1965b).
Synaptic and current pulse inputs to the motoneurons

Synaptic conductances were added to the equivalent dendrites of the two motoneurons
according to Segev et al. (1990; Fig. 4, Step Model). Instead of assigning 300 individual
synapses of the same peak conductance to the motoneuron models (Segev et al., 1990), the
number of synapses in a particular compartment was determined and modeled as a single

equivalent synapse with a peak conductance, gmax, €qual to

Smax = I'Epeak(ss)
where gpeak(ss) is the peak conductance of a single synapse (e.g. 5 nS; Finkel and Redman, 1983)
and n is the total number of synapses assigned to that compartment. Each equivalent synapse was
modeled as a synaptic conductance transient defined by an alpha function with a time to peak
conductance of 0.2 ms [Eq. A-27 & A-28]. The distribution of equivalent synaptic input on the

equivalent dendrite is shown in Fig. 7-1. Both motoneurons were assigned 300 synapses,
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however, these were represented by 12 or 10 equivalent synaptic conductances in the S and FR
type motoneurons respectively. The synaptic conductances were activated synchronously to
produce a composite EPSP which was larger and slower in the S-type motoneuron. As a means
of altering the size of the composite EPSP for a given simulation the value of Zpeak(ss) Was
changed, thus maintaining the same relative distribution of synaptic input over the equivalent
dendrite. With gpeak(ss) Set to 1 nS, synchronous activation of the synaptic conductances from
resting potential resulted in a composite EPSP with a rise-time of 1.5 ms and an amplitude of 3.4
mV in the S-type motoneuron and a rise-time and amplitude of 1.0 ms and 2.3 mV in the FR-type
motoneuron. Injection of a 9.0 nA, 1.0 ms depolarizing current pulse into the third dendritic
compartment (d2) of the S-type motoneuron resulted in a voltage transient (pulse potential or PP)
that had the same amplitude and rise-time as the composite EPSP (see Walmsley and Stuklis,
1989). Therefore, many of the simulations with the S-type motoneuron were done using a current
injection into the dendrite rather than by activation of the synaptic conductances to decrease the
duration of the computations. A site for injection of current pulses into the equivalent dendrite of
the FR-type motoneuron where the resulting PP matched the composite EPSP was sought. No
adequate match was found, therefore, simulations incorporating the FR-type motoneuron were

always done with synaptic input.
Results

The majority of the results are given for simulations using the S-type motoneuron model
except where stated. Stimuli during a simulation, either a current pulse input or synchronous
synaptic input, had a random interstimulus interval between 0.5 and 2 seconds. In the first
section the relationship between membrane voltage trajectories, EPSPs and response probabilities
are considered for a noiseless membrane. Simulations done in the absence of membrane noise
made it easier to assess the contributions of membrane voltage and conductance to motoneuron
response, in addition to making computations faster. Later simulations describe the effects of

adding noisy current to generate the stochastic firing characteristic of human motoneuron data.
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Noiseless membrane

To assess the effect of background firing rate on the response probability of a motoneuron
to Ia input, the S type motoneuron was fired at five different rates. The membrane voltage
trajectories at these five rates during steady state firing are shown in Figure 7-3. The figure
shows changes in the membrane potential trajectories which are similar to those reported in cat
motoneurons, namely the maximum depth of the AHP decreases as firing rates increase (Schwindt
and Calvin, 1972). At the slowest firing rate of 5.6 imp/s the maximum depth of the AHP,
measured from the foot of the preceding spike, was 10.8 mV. The depth of the AHP decreased
by 2 mV to 8.8 mV at the fastest firing rate tested (18 imp/s). Figure 7-3 (top) also shows
changes in the latter part of the AHPs as the firing rates increased. Initially at the minimal
rhythmic firing rate of 5.6 imp/s the recovery of the membrane potential towards threshold
showed an asymptotic region. At the faster firing rates this asymptotic region gradually decreased
and the membrane potential returned to threshold in a more ramp-like fashion.

During rhythmic firing, a current pulse input was given to the motoneuron. If the
resulting voltage transient brought the motoneuron to firing threshold, the ISI was shortened and
the subsequent ISI was typically longer. Otherwise, simulations in the absence of noise exhibited
a constant ISI. Figure 7-4 (left) illustrates the peri-stimulus time histograms (PSTHs) resulting
from simulations using the S-type motoneuron at three firing rates in response to the 9.0 nA
current pulse input. The excitatory peak in the PSTH decreased as the firing rate increased. This
result is summarized in Fig. 7-4 (right, filled circles) where response probability, Py, is plotted as
a function of background firing rate. In the range of firing rates tested there was a clear effect of
background firing rate on the ability of the S-type motoneuron model to respond to the input. As
the firing rate of the motoneuron was increased, the response probability to a constant current
pulse input decreased.

Simulations using the FR-type motoneuron were done at three different firing rates in

response to a synchronous synaptic input rather than a current pulse input. The resulting
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Fig. 7-3 Membrane voltage trajectories of the S-type motoneuron during repetitive firing.

Five different levels of current steps were injected into the soma compartment of
the S-type motoneuron model to elicit repetitive firing. The membrane voltage
trajectories between spikes at the five different rates are shown following initial
adaptation. As the firing rate increases the maximum depth of the AHP decreases.
At the slowest firing rate as the membrane voltage returns toward threshold, the
model exhibits an asymptotic region which gradually decreases at the faster firing
rates. The trajectories are illustrated for voltages up to an absolute value of 10 mV
positive to the resting potential of 0 mV. The firing level at all rates was
approximately 10 mV.
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Fig. 7-4 Effect of background firing rate on response probability in a noiseless membrane.

The left side of the figure shows PSTHs from the S-type motoneuron in response
to a constant current pulse input at three different firing rates. The same number of
stimuli are given to the motoneuron over a period of 4 minutes of simulation time
(real computation time averaged 388.5 minutes). As firing rates increased the peak
in the PSTH decreased. The right side of the figure shows the effect of firing rate
on response probability over 5 different firing rates with the S- and 3 different
rates with the FR-type motoneuron. An increased firing rate was clearly related
with a decreased response probability in both motoneurons.
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composite EPSP was produced by the synchronous activation of the 10 synaptic conductances on
the equivalent dendrite (Fig. 7-1). The synapses has a gpeak(ss) of 1 nS which resulted in a
composite EPSP at resting potential with a rise-time of 1.0 ms and an amplitude of 2.3 mV.! The
response probability of the FR-type motoneuron to a constant synaptic input decreased as firing
rates increased (Fig. 7-4, open squares).

The advantage of using a noiseless motoneuron in these initial simulations was the ability
to examine some deterministic values of membrane voltage at which spikes were triggered at
different firing rates. The delay following a spike when the input was first able to trigger a spike
in the S-type motoneuron was evaluated. This was called the effectual delay, de, and a number of
parameters were evaluated with respect to this delay which are summarized in Table 7-2. The
computations showed that as the firing rate increased the effectual delay decreased. The response
probability was zero below de and 1.0 for values greater than d.. The effectual delay was then
used to calculate the percentage of the ISI in which the PP was within reach of threshold,

ISI-d,
—X

DoISI = 100.

As firing rate increased the percentage of the ISI within reach of threshold to the PP decreased.
Therefore, although d. decreased at the faster firing rates, it did not decrease in proportion to the
reduction in ISI at the faster firing rates. This explains why P, was higher at slower firing rates.
The next question was whether action potential threshold changed with firing rate, and
whether the firing threshold varied during the ISI. The membrane potential at which the action
potential begins its rapid rise was evaluated at the different firing rates and defined as the firing
level (Reyes and Fetz, 1993). Simulation data showed that the firing level over the range of firing
rates tested did not vary much and had a mean value of 10.02 £ 0.04 mV (£ SD). The value of

the membrane potential at the effectual delay was measured at the five rates tested. Over the five

! the inputs to the S- and FR-type motoneurons are nominally equivalent as both mimick the membrane voltage
response in the soma to the synchronous activation of 300 synapses with a gpeak(ss)=1 nS.

122



rates tested the average membrane potential at de was 3.4 £ 0.25 mV. However, there was a
tendency for the membrane potential at the effectual delay to increase with increasing firing rates
(Table 7-2). When the peak amplitude of the PP measured at rest (3.4 mV) is added to the
membrane potential at the effectual delay the sum falls short of the firing level by 3.22 mV. This
would imply that either the PP amplitude was significantly greater during rhythmic firing or that

the threshold for an action potential decreased during the ISL

TABLE 7-2. Evaluation of threshold parameters of the S-type motoneuron
at different firing rates.

Firing Rate ISI de % 1S1 within Vm at de PP at de-1
(imp/s) (ms) (ms) threshold (mV)* (mV)
5.6 180 74 58.9 3.2 5.1
8.0 125 66 47.2 3.2 4.7
10.3 97 58 40.2 3.3 4.3
14.3 70 44 37.1 3.5 4.1
18.2 55 35 36.4 3.8 3.8

* Al voltage levels are given relative to the resting membrane potential of 0 mV.

To investigate whether the amplitude of the PP elicited by a constant current pulse input
varied during rhythmic firing, the size of the PP was measured at sequential times during the ISI
at different firing rates and the results are illustrated in Figure 7-5. A 9.0 nA, 1.0 ms current
pulse injected into d2 was used to generate a PP (the same as that shown in Fig. 7-3) with an
amplitude of 3.4 mV at rest. The S-type model neuron was then fired repetitively at 10.3 imp/s
and the PP was induced at sequential 10 ms delays beginning with a delay of 10 ms following the
spike, Fig. 7-5 (top). At a post-spike delay of 10 ms the amplitude of the PP was reduced with

respect to that at rest and progressively increased in size at longer delays following the
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Fig. 7-5
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Change in amplitude of the PP during repetitive firing compared to that at rest.

Top: ISI membrane voltage trajectory when the S-type motoneuron was firing at
approximately 10 imp/s and the PP is induced at various post-spike delays. At
short post-spike delays the amplitude of the PP was reduced with respect to that at
rest. As the post-spike delay was increased the amplitude of the PP increased until
the effectual delay at which the PP triggered a spike. Bottom: The change in PP
amplitude with respect to that measured at rest as a function of post-spike delay at
5 different firing rates. At a post-spike delay of 10 ms the PP is the same size at all
firing rates. The rate of change of PP amplitude varies with firing rate as does the
maximum value of the PP 1 ms prior to the effectual delay which is represented by
the data point at the longest post-spike delay for each firing rate.
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motoneuron spike until a post-spike delay of 50 ms at which the amplitude of the PP had returned
to resting values. At a delay of 60 ms the PP was of sufficient magnitude to bring the motoneuron
to threshold eliciting an action potential.

This procedure was repeated for a number of different firing rates using the same current
pulse input to the S-type motoneuron. The data are plotted in Fig. 7-5 (bottom) where the
ordinate scale is a measure of the PP amplitude with respect to that obtained at rest. The figure
shows that PP amplitude is approximately equal for all firing rates at the shortest delay evaluated
(10 ms) and reduced considerably as compared to that at rest. As the post-spike delay increased,
the rate of change of PP amplitude varied with firing rate in such a way that the faster the firing
rate of the motoneuron, the earlier the PP amplitude returned to resting values. The final values
for relative PP amplitude were evaluated at a post-spike delay 1 ms prior to the effectual delay
(absolute values given in Table 7-2). The slower the firing rate the greater the relative amplitude
of the PP prior to the effectual delay. If the amplitude of the PP immediately prior to the effectual
delay is added to the membrane potential at the effectual delay, the average sum over all rates is
7.8 £0.3 mV. This value is still, on the average, more than 2 mV shy of the firing level (10.02

mV) during repetitive firing.
Noisy membrane

During voluntary isometric contractions in which human subjects are asked to maintain a
constant firing rate, the motor unit fires not with a constant ISI as above but exhibits some level of
variability (Clamann, 1969; Person and Kudina, 1972). The source of this variability is the
ongoing bombardment of the motoneuron by post-synaptic conductances resulting in fluctuation
of the motoneuron membrane potential (Calvin and Stevens, 1968). Variability in the ISIs was
incorporated into the simulations in order to determine whether the behavior of the model
motoneurons approximated the human experimental data (Jones and Bawa, 1995; Chapter 4 and
5). This was accomplished by injecting noisy current into the second dendritic compartment (d1)

of the S type motoneuron model. White noise current with a Gaussian distribution of amplitudes
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Fig. 7-6
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Effect of background firing rate on the peak of the PSTH during stochastic firing.

The S-type motoneuron was fired in a stochastic manner by injecting noisy current
into d1 as well as the current injected into the soma to elicit repetitive firing. The
left side of the figure illustrates the resulting variation in ISIs represented by the
first order interval histograms (ISTHs). The mean and standard deviation of the
ISIs are given with each ISTH. The level of noisy current was the same at each
rate. The right side of the figure shows the PSTHs resulting from a 9.0 nA current
pulse input to d2. The same number of stimuli are given over a 4 minute
simulation period (average computation time 2826.5 min.). The response
probability measured from the peak of the PSTH was reduced as firing rates

increased.
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was used which had a mean of 0.0 nA and a variable standard deviation. Figure 7-6 (left)
illustrates the resulting interspike interval histograms when noisy current with a constant standard
deviation of = 20 nA was added to the current necessary to elicit repetitive firing at different rates.
The histograms show the characteristic reduction in ISI variability with an increase in mean firing
rate. Using a 9.0 nA, 1.0 ms current pulse input into d2, response probability was computed
from the PSTHs shown in Fig. 7-6 (right) for the equivalent ISI distributions. As with the
noiseless simulations, the response probability to this input was greatest when the motoneuron
was firing at the slowest rate with the greatest ISI variability. As the firing rates increased there
was a tendency for the response probability to decrease as illustrated by the reduction in the
number of counts in the excitatory response peaks of the PSTHs. This was similar to the results
obtained when there was no variability in the ISIs, Fig. 7-4, except that overall response
probability values to the same input were lower when the noisy current was introduced. The
relationship between response probability and firing rate during stochastic firing is plotted in Fig.
7-7 for two different current pulse inputs (9.0 nA, open circles and 20 nA, open squares) to the S-
type motoneuron. Each input results in a response probability which is greatest at the slowest
firing rate and declines as firing rates increase.2 The response probability at various firing rates
during noiseless simulations with a 9.0 nA current pulse is plotted for comparison. The reduction

in response probability to the same input by the addition of noise is clear until the higher rates.
Response trajectories: S type model motoneuron

Response trajectories were plotted as a means of comparing the post-spike excitability of

the S-type model motoneuron to the results obtained in human studies (Chapter 5). Figure 7-8

2 The larger input (20 nA, 1.0 ms) resulted in a PP that had an amplitude of 7.0 mV, 1.4 ms rise-time and 3.2 ms
half-width at resting potential. The Nags, conductance had to be blocked to make this measurement otherwise a
spike was initiated. At rest without block of the Nas) conductance, various amplitudes of 1.0 ms current pulses
were injected into d2 and the resulting voltage transient measured. A pulse of 17.85 nA was the largest amplitude
that could be given at resting potential without triggering a spike. This current pulse resulted in a PP of 8.6 mV
with a 2.4 ms time to peak. Obviously the input triggered some inward IS current but it wasn’t of a sufficient
ampitude to trigger a spike.
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Fig. 7-7
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Effect of background firing rate on response probability during stochastic firing
with two different amplitude current pulse inputs.

During stochastic firing, as firing rates increased the response probability of the S-
type motoneuron decreased. This is shown for two current input pulses, 9 nA
(open circles) and 20 nA (open squares). The response probability in the absence
of noise with a 9.0 nA current pulse input is shown for comparison. The
maximum difference in response probability with the two inputs over the rates
tested was 0.21 (9.0 nA) and 0.25 (20.0 nA). The apparent plateau of the firing
rate effect on response probability may be a result of a lack of sufficient noise at
high firing rates. This is suggested by the similar response probabilities near 14
imp/s regardless of the presence of noise.
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Fig. 7-8 Response trajectories of the S- and Sgh-type motoneuron models.

The response trajectories acquired by stimulation with a 9.0 nA, 1.0 ms current
pulse are shown for the S-type motoneuron with no noise added (solid squares),
with added noise (open squares) and the Sgh-type motoneuron with noise (open
circles). During the simulations the firing rates were approximately 6.6 imp/s.
Without noise the response trajectory resembles a step function. By adding noise
the latter portion of the response trajectory shows a reduced slope. The Sgh-type
motoneuron has a shallower AHP than the S-type which results in a further
reduction in the slope of the response trajectory.
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shows the response trajectories from the model motoneuron under three different conditions when
tested with a 9.0 nA, 1.0 ms current pulse input. The first condition (solid squares) illustrates the
response trajectory of the model firing at a rate of 6.6 imp/s (ISI = 151 ms) in the absence of
membrane noise. The response probability in each 10 ms bin has a value of zero until a post-
spike delay between 70-80 ms when response probability rises immediately to a value of 0.92. At
any delays greater than 80 ms the response probability is 1.0, that is, the stimulus is effective 100
percent of the time. The shape of the response trajectory resembles a step function which would
be predicted from studies done on cat motoneurons (Fetz and Gustafsson, 1983). In the second
condition (open circles) & 20 nA of noisy current was injected into d1 resulting in variation about
the mean ISI of 149 + 27 ms (6.7 imp/s). The effect of the noise was a reduction in value of
response probability at post-spikes delays from 75-105 ms, thus reducing the slope of the
response trajectory. This change in the response trajectory accounts for the difference in total
response probability between condition 1, Pr = 0.46, and condition 2, Pr = 0.35. Although the
slope of the response trajectory was reduced by the addition of noise, it remained steeper than the
slope of the response trajectory from human soleus motoneurons firing at similar rates (Chapter
5).

One of the means of approaching the slope of response trajectories in human motoneurons
was to reduce the maximum value of the “slow” potassium conductance from 12 to 5 mS/cm? and
to adjust the numerator of Bq [Eq. A-23] to a value of 0.012 from 0.015. This resulted in an AHP
depth of 2.9 mV instead of 4.8 mV, a half-decay time of 47 ms and duration of 160 ms following
an antidromically elicited spike (this model neuron with the shallower AHP will be referred to as
Ssh). The third condition in Fig. 7-8 (open squares) shows the response trajectory computed
from the Sgy neuron while firing at a rate of 6.4 imp/s (ISI = 157%33). The trajectory showed a
reduced slope and was shallower at post-spike delays between 85 and 55 ms. The overall
excitability of the S¢h motoneuron, assessed by a total response probability value of Py = 0.44,
was increased over that of the S-type motoneuron in condition 2. The response trajectory from

the S model motoneuron was a better approximation of a response trajectory from a soleus SMU

130



firing at a similar rate then were the results from the S-type motoneuron and therefore was used in
all subsequent simulations.3

The first set of studies done on the Sg;, model motoneuron was an estimate of the reliability
of the measurement of response probability at sequential delays following the spike. Human
motoneurons show a variation in response trajectory over repeated measures (Fig. 5-1) which
may be due to many factors including the effects of synaptic noise or variations in the amount of
current received by the motoneuron during voluntary control. To estimate the role of synaptic
noise in producing variation in the response trajectories four simulations were run with constant
values for the parameters. A depolarizing step current of 2.0 nA was injected into the soma
compartment, £ 20 nA of noisy current was injected into d1 and a constant number of 9.0 nA, 1.0
ms current pulses (n=187) were randomly injected into d2 over 4 minutes of simulation time. The
mean and standard error bars evaluated over the four trials are shown in Fig. 7-9 (filled squares).
A smooth line has been drawn through the data points using the OPSEG method (Chapter 5).
Also shown are the means and standard errors for response probability acquired from six human
soleus motoneurons with the associated smoothed response trajectory (from Fig. 5-2). The
average firing rate of the Sg;, model motoneuron was 6.7 imp/s which was comparable to the
average firing rate of 6.5 imp/s for the six soleus motoneurons. The response trajectory from the
model has a similar shape to the data from the human motoneurons with some noticeable
differences. At post-spike delays less than 50 ms the model has a lower response probability than
the human soleus data and at post-spike delays greater than 50 ms the model has a higher response
probability than the soleus data.

In human motoneurons, response trajectories are altered by changes in motoneuron firing
rate (Chapter 4; Jones and Bawa, 1995; Olivier et al. 1995). To determine the effect of firing rate

on the response trajectories of the Sg;, model motoneuron, we injected different levels of current

3 The use of the Sgh, model does not change the qualitative nature of the preceeding results, those results are still
considered representative of the modeled motoneurons.
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Fig. 7-9
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Variability in the Sgp-type motoneuron response trajectory and comparison to a
human response trajectory.

Four simulations were done on the Sgy, model keeping the parameters of current
pulse input, noisy current and depolarizing current step constant. The mean
response probability and standard error were measured over a 10 ms bin width at
sequential 10 ms delays following the spike (filled squares). The response
trajectory is illustrated by the solid line. There is relatively little variation in
response probability at short or long post-spike delays but more during delays
from 75-95 ms. The response trajectory from Fig. 6-2 for 6 human soleus
motoneurons is illustrated (open circles) for comparison. The mean firing rate of
the model was 6.7 imp/s and the mean firing rate of the soleus motoneurons was

6.5 impf/s.
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into the soma causing the motoneuron to fire at three different firing rates. A constant amount of
noisy current (20 nA) was injected into d1 and a constant current pulse was randomly injected
into d2 (9.0 nA, 1.0 ms). Figure 7-10 illustrates the three response trajectories obtained. The
variation in the shapes of the response trajectories with increases in firing rate is similar to the
changes seen in human motoneurons (Fig. 4-7). At any given post-spike delay, response
probability increased with an increase in the firing rate.

Not only does firing rate affect the shape of human motoneuron response trajectories, they
are also dependent on the amplitude of the stimulus input (Fig. 5-4). Figure 7-11 illustrates
response trajectories from the S, model motoneuron that were constructed at the same firing rate
for three 1.0 ms current pulse inputs. The sizes of the PPs elicited at rest by the current pulses
were 3.4 (open circles, 9.0 nA), 5.8 (open diamonds, 15 nA), and 7.0 mV (open squares, 20
nA). The PPs varied only in size while the other parameters of rise-time and half-width remained
constant. As the size of the PP increased the response probability at any given post-spike delay
increased. For example response probability at 55 ms is 0.0, 0.56, and 1.0 for the small,
medium and large PP respectively. This result is qualitatively similar to the results obtained with

human motoneurons.
Discussion

The primary aim of this series of simulations was to contribute to an understanding of the
biophysical basis for the results obtained from human motoneurons in previous chapters. This
was done by examining the responses of repetitively firing model motoneurons to transient inputs.
The models were designed in an effort to identify some of the biophysical factors contributing to
two features of the human data: 1) the effect of background firing rate on response probability to
an input volley; and 2) the changes in excitability of motoneurons following a spike represented
by response trajectories. As an estimate of human motoneuron membrane properties,
motoneurons were modeled using the known biophysical properties of adult cat spinal

motoneurons. Furthermore, it was intended to investigation to what extent properties of cat
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The effect of firing rate on response trajectories.

The Sg, model motoneuron was fired at three different rates while being stimulated
with a constant current pulse input (9.0 nA, 1.0 ms into d2). The Py at the three

rates was 0.44 (0), 0.39 () and 0.32 (O). The data show that at a given post-
spike delay, response probability increases with an increase in firing rate.
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The effect of PP amplitude on response trajectories.

Simulations were done using the Sgp-type motoneuron at the same firing rate with
different PPs. The smallest PP (0) had an amplitude of 3.4 mV, rise-time of 1.5
ms and half width of 3.2 ms. The intermediate sized PP (<) had an amplitude of
5.8 mV and the same rise-time and half-width as the small PP. The largest PP (O)
had an amplitude of 7.0 mV, that was able to elicit an action potential from rest
(see footnote 1), and a similar rise-time and half-width as the small PP. At any
given post-spike delay between 25 and 65 ms, an increase in PP was associated
with a greater response probability. Outside of this range response trajectories
either saturated at 1.0 or fell to 0.0 for input from at least two of the PPs. The P,
values at the different stimulus intensities were 0.44, 0.64, and 0.85.
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motoneurons where capable of explaining the behavior of human motoneurons. This information
will be valuable as it will determine if the transfer of information from reduced animal experiments
to questions of human motoneuron physiology is appropriate. In general, the responses of the
model motoneurons were qualitatively similar to those of human motoneurons. That is, an
increased firing rate resulted in a decrease in response probability to randomly induced input and

motoneuronal excitability at sequential delays following a spike, increased in a monotonic fashion.
Membrane noise

Physiologically, fluctuations in membrane potential are thought to be primarily due to
synaptic noise (Calvin and Stevens, 1968) The method of producing noise in the present
simulations, however, was achieved through the injection of a white noise current into the model.
The noisy current injection was controlled by adjusting the standard deviation of the Gaussian
distributed current fluctuation about a mean of zero nA. The resulting membrane potential
fluctuations depended upon the site of the current injection. If the noisy current was injected into
the soma, the resulting voltage fluctuations had very high frequency components due to the low
specific membrane resistance of this compartment. The high frequency nature of these membrane
potential fluctuations did not match records of synaptic noise recorded intracellularly from cat
motoneurons (Gustafsson and McCrea, 1984). Therefore, the current was injected into the
dendrite which resulted in filtering of the fluctuations in membrane voltage measured at the soma.
Increasing the standard deviation of the noisy current above a value of 20 nA did not increase the
peak to peak value of the membrane voltage noise but instead resulted in higher frequency
fluctuations in membrane potential. Therefore, we were unable to adequately test the response

trajectories at higher levels of peak to peak membrane voltage noise.

ISI variability at different firing rates

The injection of white noise current into d1 of the S-type motoneuron model resulted in

variation of the ISIs to a constant depolarizing step current injected into the soma (Fig. 7-6). The
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variation in the ISIs illustrated by the first order histograms is a characteristic of human
motoneurons under voluntary control when a subject is asked to maintain a constant firing rate
(Chapter 4). The relative variations in the ISIs at different firing rates, measured by the coefficient
of variation, is compared for the S-type model and human soleus and FCR motoneurons in Table
7-3. The changes in the coefficient of variation with firing rate was similar for human soleus
motoneurons and the S-type model. However, the coefficients of variation at different firing rates

were notably different for the S-type model compared to human FCR motoneurons.

TABLE 7-3. Comparison of the coefficients of variation between the model and human data at

different ﬁring rates.

Firing Rate (imp/s) Coefficient of Variation
S-type model Soleus FCR
5 0.27 0.27 -
75-8 0.14 0.15 0.30
11 0.09 - 0.16

The difference between the coefficients of variation in the S-type model and human FCR
motoneurons is most likely due to differences in the AHP trajectories reflected by their minimal
rhythmic firing rates. The minimal rhythmic firing rate of the S-type model was 5.3 imp/s while
that for human FCR motoneurons was between 7 - 8 imp/s. At the minimal rhythmic firing rate
the coefficients of variation are relatively high and decrease as rates increase. The relatively high
coefficient of variation at minimal rhythmic firing rate is most likely due to an asymptotic portion
of the membrane potential later in the ISI (Fig. 7-3). This asymptotic region makes the cell
relatively sensitive to fluctuations in membrane potential. In the S-type model motoneuron, as
firing rates increased the asymptotic region gradually decreased making the cell less sensitive to
membrane noise. Relative to the minimal rhythmic firing rate, a firing rate of 7.5 - 8 imp/s is

faster for the S-type model than for human FCR motoneurons. Thus the model (and human
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soleus motoneurons) will be less sensitive to membrane potential fluctuations at this firing rate
compared to human FCR motoneurons, which probably are most sensitive at this minimal

rhythmic firing rate.
Effect of background firing rate on response probability

The motoneuron models showed a relationship between background firing rate and
response probability to a randomly elicited transient input . The faster the firing rate of the model
neuron the lower the response probability to a constant input. This was true for both the S- and
FR-type motoneurons for PPs produced by current pulse injection and composite EPSPs
produced by synaptic activation. This effect of firing rate on response probability, or "rate
effect”, was present in the models in the presence and absence of noise.

In the noiseless motoneuron, it is clear that both the membrane voltage and the membrane
conductance determine the excitability of the cell. With the same input, the PP increases
monotonically during the ISI starting with a relatively small value near the spike. At the same
post-spike delay, the PP is smaller at the slower firing rate (Fig. 7-5). The smaller PP added to
the lower membrane potential at a specific post-spike delay resuits in a lower response probability
at the slower firing rate. However, during of random stimulation the motoneuron is responsive
for a larger percentage of the ISI when it is firing at a slow rate then when it is firing at a faster
rate leading to a higher response probability at the slow rate. This higher response probability at
slow firing rates may be attributed to the asymptotic nature of the membrane voltage trajectory and
low values of conductance in the latter part of the ISI.

With the addition of noise to the simulations and the subsequent stochastic firing of the
motoneuron model, a "rate effect” was still observed (Fig. 7-7). The "rate effect” demonstrated
by the S-type model motoneuron using a 9.0 nA current pulse input was similar to the "rate effect”
described in human soleus motoneurons (Table 7-4, APPENDIX B). This would suggest that the

S-type motoneuron model adequately simulates the responses of human soleus motoneurons at

different firing rates to Ia input volleys. However, a comparison of the "rate effect” from the S-
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type model and human FCR motoneurons suggested that this model was less accurate in
describing the behavior of FCR motoneurons (Table 7-4). This may also be a result of
differences in AHP trajectories of the model and human FCR motoneurons at different firing rates
as discussed above. Although more experiments using the FR model during stochastic firing are
needed, it appears from the noiseless data that this model may provide a better description of the
behavior of FCR motoneurons (Fig. 7-3). The difference in response probability at relatively
slow and fast rates in the FR-type motoneuron is more comparable to that reported for FCR
motoneurons.

At rates below 10 imp/s the "rate effect” was clear in the S-type motoneuron with two
different amplitudes of input. However, above 10 imp/s the "rate effect" was not present in
simulations which incorporated noise. In the absence of noise the "rate effect" persisted at all
rates tested to a maximum of 18 imp/s. A possible reason for the lack of "rate effect” in the model
during stochastic firing is inadequate levels of membrane noise. This reason is suggested upon
examination of Fig. 7-7 at rates near 15 imp/s. At these rates the response probability to a 9 nA
current pulse inpl;t was similar in the presence or absence of noise. This suggests that the noise
added to the simulation has little effect on response probability at this rate. Throughout the
simulations the same level of noisy current was added regardless of the mean background firing
rate of the model. Perhaps noise levels should be increased at higher firing rates to represent the
increased activity and number of synaptic inputs during stronger voluntary contractions. An
alternative suggestion is that the "rate effect” does not continue for slow firing neurons for rates
above a certain level. This could be tested by examining responses of human soleus motoneurons
at rates above 10 imp/s.

An important factor affecting the magnitude of the effect of firing rate on response
probability is the depth of the AHP during repetitive firing. This can be seen in the results from
the Sgh model which, although it exhibited response trajectories whose slopes were more
comparable to the human motoneuron data, showed a reduced rate effect (Fig. 7-10). This raises

a possible explanation for the previously reported lack of effect of firing rate on response
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probability in tibialis anterior motoneurons (Ashby and Zilm, 1982b). Perhaps different
populations of human motoneurons exhibit different depths of AHPs during repetitive firing thus

giving rise to a lack of significant effect of background firing rate on response probability.
Response trajectories

In the absence of noisy currents and the resulting variation in ISIs, the response
trajectories resembled a step function (Fig. 7-8). This finding was expected and predicted earlier
in Chapter 4. The reasoning behind this expectation was that if a motoneuron were firing in the
absence of noise, its firing could be considered deterministic and the ISI fixed at a constant
value.# Assuming a fixed voltage threshold and a linear addition of a constant amplitude EPSP to
the membrane voltage trajectory, invoking the EPSP at sequential delays following the spike will
eventually trigger a spike. At this effectual delay, the amplitude of the EPSP added to the level of
the membrane voltage trajectory sum to a level which is sufficient to cross threshold, advancing
the forthcoming spike. At any delay greater than this effectual delay, the EPSP added to the
membrane potential will always be of sufficient magnitude to trigger a spike. Therefore, the
response trajectory will remain zero at all delays shorter than the effectual delay and 1.0 at all
delays greater than the effectual delay resulting in a step function. The present results indicate that
the PP amplitude cannot be considered constant throughout the ISI (Fig. 7-5), a result which has
been reported for other neurons (Reyes and Fetz, 1993a). However, this finding does not alter
the prediction of a step function response trajectory because the PP amplitude increases in a
monotonic fashion. Likewise changes in the voltage threshold between spikes reported in cat
motoneurons (Calvin, 1974; Powers, 1993) and neocortical neurons (Reyes and Fetz, 1993a)
would not change the prediction of a step function during repetitive firing in the absence of noise

as these changes paralle]l the membrane voltage trajectory.

4 The assumption of a fixed ISI in the absence of noise is a simplification for it overlooks the possibility of late
adaptation that occurs with sustained activation of motoneurons (Spielmann et al., 1993).
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The sigmoidal shape of the response trajectory that arose due to the addition of noisy
currents to the simulations, was steeper than response trajectories associated with soleus
motoneurons at similar firing rates (Chapter 5). Variation in the size of the current pulse input did
not change the slope of the response trajectories and, therefore, in an attempt to reconcile this
difference, the depth of the AHP was reduced by lowering the maximum conductance of the slow
potassium channel in the soma compartment. The resulting Sg;, model had a smoothed average
response trajectory which was comparable to that of the soleus motoneurons firing at the same rate
(Fig. 7-9). When the Sgj, model was examined for variation in its response trajectories due to
firing rate and amplitude of input, it showed similar effects as those reported for human FCR
motoneurons (Chapters 4 and 5). At increased firing rates of with a greater amplitude of input,

the response probability at a given post-spike delay was increased (Fig. 7-10; 7-11).
Membrane voltage trajectories and response trajectories

To what extent do the underlying membrane voltage trajectories determine the shape of the
response trajectory? The results of the simulations using the Sg;, model demonstrate that altering
the membrane voltage trajectory will alter the shape of the response trajectory but how does the
shape of the response trajectory reflect the underlying membrane voltage trajectory? This is an
interesting question as the shape of membrane voltage trajectories in normal human motoneurons
is still unknown. Figure 7-12 illustrates the relation between the smoothed response trajectory
(dashed line) from the Sg, model (Fig. 7-9) and the membrane voltage trajectory (solid line). The
response trajectory was acquired during repetitive firing in the presence of noise resulting in an
average ISI of 148.5 + 29.7 ms. The membrane voltage trajectory was acquired during repetitive
firing of the model in the absence of noise at a rate equivalent to the mean firing rate in the
presence of noise (ISI = 147 ms). In the absence of noise the response trajectory was described

by a step function which bore little resemblance to the underlying membrane voltage trajectory.
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Fig. 7-12 Relationship between the membrane voltage trajectory and a response trajectory of
the model motoneuron.

The smoothed response trajectory (dashed line) from Fig. 7-9 from the Sg
motoneuron model is shown along with a membrane voltage trajectory (solid line)
from the model while firing with a constant ISI of 147 ms which is equivalent to
the mean firing rate during the simulations in which the response trajectory was
computed. The response trajectory with this level of noise (320 nA) is not a
parallel representation of the membrane voltage trajectory
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Fig. 7-13 Relationship between the membrane voltage trajectory and a response trajectory in
a model with an altered membrane voltage trajectory.

The S-type model was altered to produce repetitive firing with a trajectory that
resembled those reported in axotomized motoneurons. The figure indicates that
changes in the membrane voltage trajectory (solid line) may be revealed by the
response trajectory. The peaks and troughs in the response trajectory (dashed line)
coincide with those in the membrane voltage trajectory.
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The addition of noise and the subsequent sigmoid shaped response trajectory begin to approximate
the shape of the membrane voltage trajectory but the two are still distinct.5 Perhaps

in the presence of additional noise the response trajectory and the membrane voltage trajectory
would be more closely approximated.

It is clear that the shape of the membrane voltage trajectory will present itself to some
degree in the response trajectory as may be seen in Fig. 7-13. Here the S-type motoneuron has
been altered by changing the time constants of the slow potassium channel resulting in a
membrane voltage trajectory which is somewhat reminiscent of axotomized motoneurons (Heyer
and Llinds, 1977). A depolarizing step current was applied to the soma and noisy current with a
standard deviation of 20 nA was injected into d1 resulting in a mean ISI of 142 + 41 ms. The
PSTH resulting from a 9.0 nA current pulse input to d2 looked similar to the data from the normal
motoneuron with a Py = 0.64. Construction of the response trajectory, however, revealed a
significant deviation from the response trajectories obtained from the normal S-type motoneuron
model. It is evident from this figure that the excursions of the membrane potential are reflected in

the response trajectory to some extent.
Significance

It is concluded that the present simulations adequately described two features of the human
motoneuron data presented in Chapters 4 and 5: 1) an increased firing rate results in a decreased
ability of an input volley to alter the firing probability; and 2) excitability following a motoneuron
spike increases in a monotonic fashion and this is dependent on noise. This supports the idea that
the repetitive firing behavior of human motoneurons may be represented by biophysical processes

which are similar to those that underlie repetitive firing in cat motoneurons. Also the results

5 It must be reaffirmed that the relationship between the response trajectory and the membrane voltage trajectory is
dependent on the size of the input. An increase in the size of the input would tend to shift the response trajectory

toward lower post-spike delays.
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suggest that the use of response trajectories may reveal significant alterations in the underlying
membrane voltage trajectories accompanying motoneuron injury or disease.

The next step would be to improve the accuracy of the model, with alterations in
membrane noise and conductances underlying the AHP. Then further simulations could be done
to estimate the accuracy of the model in predicting a wide range of results from human

experiments.
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Appendix A

In equation 7-3, the second term represents the sum of the ionic currents in the soma

compartment. These currents can be written as:

Iion = gNa(Vm - ENa) + (gKf + ng)(Vm - Elc)
= gNam3h(Vm - ENa) + (gl(fn4 + ngqz)(Vm - Ek),

where g, are the maximum conductances for the sodium, fast potassium and slow potassium

A-1

channels; m, h, n and q are time- and voltage-dependent parameters (represented as 1 in the
following three equations) which determine the magnitude and time course of the activation and

inactivation of the respective currents. The time and voltage dependence is given by

dn N.—1N
—=ca,(l-n)- === -
where
1
T, = A3
oo, +pB,
a’l
n. = . A4
o, +B,

The time course and magnitudes of the activation/inactivation parameters used in the simulations

of Eq. 7-3 are given below.

Initial Segment Currents

Nat current
INa(1s) = gmaxm3h(Vm‘ENa) A-5
Emax = 500 mS/Cm2 ENa =115mV
_4+(-0.4*V,_)

A-6

o=
e(v,,:o) _
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e

Fast K+ current

IK£(1S) = Emaxn*(Vm-EK)

gmax = 100 mS/cm? Eg =-10 mV
_0.2+(-0.02*V,_)

no e(v’fl_olo) _
0.15
B=

Soma Currents
Nat current
INa(X) = Emaxm>h(Vin-ENa)

gmax = 140 mS/cm2 En, = 115 mV
7+(-0.4*V, )

m o= (v,,,-n.s)
e @ /-1

_ (0.4*V_)-18

B -
e(v,,,s 45) B
_ 0.15
4
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e( "°]+1
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Fast K+ current

IKf(X) = gmaxn4(vm'EK)

Zmax = 35 mS/cm? Eg =-10 mV
0.4+(=0.02* V)
o =

=
B = ( ‘Lﬁ;js
e %% J_0.032

Slow K* current: S type motoneuron

Iksx) = gmaxqz(vm‘EK_)
gmax = 12 mS/cm? Eg =-10 mV

¢ e
=,
0.015
B
=

Slow K+ current: FR type motoneuron
IKs(X) = gmaxq2(Vm'EK)
Zmax = 35 mS/cm? Eg =-10 mV

3.5

q: o= [v,,,—ss]
e /41

0.035
e -0.001 _1

A larger Bq for the FR motoneuron makes Tq shorter, resulting in a shorter duration AHP.

Dendritic Synaptic current
Lsyn(t) = Zsyn(0*(Vm-Esyn)
gsyn (t) - gmaxtae—at/1
oo=1 1=0.2ms Egyp =70 mV
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Appendix B

TABLE 74. Comparison of the "Rate Effect” in the model and human data.

Firing Rate (imp/s) Response Probability to Random Stimuli (mean =+ sd)
S-type model Soleus FCR
Slow (£ 6) 0.44 0.48+ 0.10 -
Fast (> 6) 0.28 £ 0.05 0.27 £ 0.05 -
Slow (< 10) 0.34 £ 0.07 - 043 £0.21
Fast (> 10) 0.24 + 0.01 - 0.18 £ 0.09

Slow and fast rates are the same as those described in Chapter 4. There are significant differences
(p <0.02) between response probability at fast and slow rates in all cases except in the case of the
model compared between rates < 10 imp/s and those > 10 imp/s (t-test, p = 0.075).
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CONCLUSION

The objectives of this thesis were to examine two physiological properties of human
motoneurons: 1) recruitment of motoneurons during various tasks; and 2) the biophysics
governing repetitive firing behavior in human motoneurons. In meeting these objectives this
thesis has made some original contributions to motor control literature.

In addressing the issue of task groups in the flexor carpi ulnaris (FCU) muscle, it was
shown that the FCU motor units tested did not show preferential recruitment for the tasks of
isometric flexion, non-isometric flexion, isometric ulnar deviation or cocontraction about the wrist
joint. This was unlike Denny-Brown's (1949) report in which he stated that the FCU motoneuron
pool was fractionated into separate task groups, each task group being activated during a distinct
voluntary motor task. The present data an important correction for the literature as neither the
flexor carpi radialis (FCR) or extensor carpi radialis (ECR) exhibit fractionation of their motor
units into task groups (Riek and Bawa, 1992). Therefore, according to Denny-Brown, FCU
appeared to have a significantly different motor organization with little apparent need for such an
organization when compared to FCR and ECR. Thus in movements of flexion/extension and
ulnar/radial deviation about the wrist, it is suggested that the organizational level of primary
importance to ideas of task groups is that of muscle synergies and not subpopulations within a
motoneuron pool.

The presence of intramuscular task groups, at first, seems to be predictable based on the
anatomy of some muscles. For example, the structurally complex human deltoid muscle has three
heads: anterior, middle and posterior. Though all heads may show activity during humeral
movements, EMG studies show that each head exhibits maximal activity in a particular direction
(Pearl et al., 1992). There are no studies which report intramuscular task groups in the human
deltoid muscle, but it seems a likely candidate due to its broad origin which gives rise to different
parts of the muscle exerting distinct force vectors on the humerus. Likewise, human jaw muscles,

such as masseter, appear to have intramuscular divisions related to task (review Hannam and
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McMillan, 1994). Again, intramuscular task groups seem to be predicted by the complex
multipinnate nature of the masseter muscle which gives rise to a wide range of force vectors
produced by the contraction of the relatively clustered muscle fibers of single motor units in the
muscle. The presence of intramuscular task groups in the extensor digitorum communis (EDC;
Riek and Bawa, 1992) muscle is compatible with this muscles multiple insertions which serve to
extend individual digits. It seems reasonable, therefore, that the presence of intramuscular task
groups are more likely in muscles in which different regions of the muscle can direct force
through either multiple tendons of different parts of a broad tendon.

In addition to a lack of fractionation of the FCU motoneuron pool into task groups, the
study also revealed that the familiar "size principle" recruitment strategy (Henneman et al., 1965)
was employed regardless of the task the FCU muscle was engaged in. This raised another
question which was addressed in Chapter 3. Most recruitment studies on human motor units have
utilized isometric contractions in the classical anatomical planes. If verification for the size
principle of human motor unit recruitment were limited to such contractions, extrapolation of the
size principle to recruitment during natural movements would be tentative. Indeed a common
objection may be paraphrased as, motor unit recruitment studies have only been done during
“anatomical” contractions and not during "behavioral" contractions. In an answer to this objection
it was shown that motor units of the first dorsal interosseous (1DI) muscle are recruited in the
same order during "behavioral" tasks as during isometric abduction of the index finger. This
strengthens the idea that the size principle of motor unit recruitment is the normative strategy of
recruitment utilized by the central nervous system during all motor behavior.

Following recruitment, if sufficient excitatory drive is available to the motoneuron it will
continue to fire repetitively. It is during repetitive firing that motoneuronal excitability has been
examined. Motoneuronal excitability throughout this thesis has been defined as the probability
that the motoneuron will respond to an input volley. Previously, it has been reported that
motoneuron excitability is independent of background firing rate (Ashby and Zilm, 1982b; Miles

et al., 1989), however, the present study has shown that for both FCR and soleus motoneurons,
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response probability is dependent on background firing rate. The effect of background firing rate
depended on whether the stimulus arrived randomly at the motoneuron or at a fixed delay
following the motoneuron spike. If it arrived randomly, response probability decreased
significantly at the faster firing rate, however, if it arrived at a fixed delay, the response
probability increased with an increased firing rate. The results were then explained by drawing
upon the known biophysical properties of repetitively firing cat motoneurons and applying that
knowledge to the human motoneuron data. This is the first comprehensive documentation of the
effect of firing rate on response probability of human motoneurons to Ia afferent input.

The results obtained from the triggered-delay stimulation were used to generate response
trajectories under a number of conditions. The response trajectories have been used in this thesis
as an analytical tool to investigate: the nature of the refractory period following a motoneuron
spike and the factors contributing to it; and, to investigate the similarity between the synaptic
distribution from peripheral Ia afferents and corticomotoneurons. Although others have used the
idea of response trajectories to investigate human motoneurons (Kudina, 1988; Kudina and
Churikova, 1990; Kudina and Alexeeva, 1992) the factors affecting the response trajectory and its
relationship to the properties of the motoneuron have not been discussed. The present thesis
suggests that the shape of the response trajectory is largely due to the effects of noise, the
conductances underlying the AHP, background firing rate and the amplitude and shape of the
EPSP resulting from the input volley used to generate the trajectory. With a greater understanding
of the factors which give rise to the response trajectories, it is suggested that their potential use as
a tool for investigating properties of human motoneurons is encouraging. For example, the
results from Chapter 5 illustrating the effects of doublet discharge on response trajectories are
interesting as they would suggest a somatic origin for the doublet. Also of interest is the potential
for using response trajectories in cases of motoneuron dysfunction to detect changes in the
membrane voltage trajectory (Fig. 7-13). If a neuropathy affects the repetitive firing properties of
the neuron, use of response trajectories interpreted in light computer simulations may reveal

specific biophysical properties affected by the disease.
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The final chapter on computer simulations gave a better indication of the biophysical
factors that may be contributing to excitability in human motoneurons. The ability to simulate
responses from human motoneurons with a model whose basis was cat spinal motoneurons was
pleasing as it suggested that the behavior, and perhaps biophysics, of motoneurons from these
two species was similar, With some alterations to the model to incorporate an ability to fire
doublets and calcium-dependent potassium conductances, more simulations could be done which
incorporate other elements the of spinal segmental circuitry. Computer simulations could prove to
be‘ a powerful tool in elucidating the details governing the responses seen in human experiments

and guiding the development of new ideas of motor control.
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