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Fig. 11. "Long-term" adaptation in a superior-colliculus cell in a guinea pig slice preparation. A,
Gradual reduction in the number of spikes generated by repeated current pulses of uniform
amplitude and duration. Broken line (at arrowhead) denoted initial resting potential (-64 mV); 38
current pulses were delivered. B, Distribution of spikes in stimulus-pulse nos. 1, 4, 10 and 36 from
A shown at an expanded time base. Note that in each case, not only was there evidence of an
initial adaptation but, also, there was a progressive diminution in the number of impulses
generated per stimulus train. C, Plot of the number of spikes elicited during each stimulus train.
This profile of diminished firing was considered a form of long-term adaptation by the authors.
They reasoned that the mechanism(s) underlying this adaptation included a slow-activating Ca2+-
dependent K+ conductance. (From Llinas & Lopez-Barneo, 1988; their Fig. 2).
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sodium-potassium pump has been implicated in the development of late adaptation in the
cockroach femoral tactile sensory neuron (French, 19839b) and in frog motor neurons (Grafe,
Rimpel, Reddy & ten Bruggencate, 1982).

Summary Very little is known about the specific mechanisms controlling late adaptation in
cat motor neurons. Yet, many of the mechanisms controiling late adaptation in other systems
have been revealed. The mechanism(s) ultimately responsible for controlling late adaptation in

the mammalian spinal motor neurons remains for future studies.

2.3.4 Summary: motor-neuron adaptation

In general, mechanisms of adaptation utilize rapidly developing conductances which
control rapid, initial adaptation and/or more slowly developing conductances which control slow,
late adaptation. The mechanisms regulating these changes include; 1) calcium-dependent
potassium conductances; 2) voltage and time-dependent potassium conductances; 3)
accommodative and inactivation processes (especially invoiving sodium conductances; see
Chapter 7); 4) alterations in channel kinetics with time; 5) alterations in ionic environments; and 6)
the activation of electrogenic pumps. This is not an exhaustive list but it does touch upon some
of the more general mechanisms controlling adaptation. Adaptation in any one system may
employ a variety of mechanisms, each with its own specific pharmacology and mechanisms of
regulation. However, it is clear from a review of the literature that understanding the
mechanism(s) governing adaptation in any one system may not necessarily be of direct relevance

when describing another.

2.3.5 Intrinsic-exirinsic interactions
The discussion above on mechanisms of adaptation was limited largely to intrinsic ones,

studied in both in vivo and in vitro situations in which the test cells were subjected to injected
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current. However, by analogy to functional threshold, the mechanisms underlying adaptation
must normally involve interactions between intrinsic properties, and extrinsic (synaptic-input)
effects. In the case of functional threshold, Fig. 12 provides a summary of the possible
interactions between intrinsic and extrinsic factors (Burke, 1981; his Tables 3 and 4)
Subsequent to these arguments, there has been considerable discussion and controversy
about the relative significance of such intrinsic and extrinsic factors in determining the functional
threshold of motor neurons (for an ad-seriatim review; see Stuart & Enoka 1983; Enoka & Stuart,
1984; Bawa et al. 1984; Gustafsson & Pinter, 1984a,b, 1985; Zajac & Faden, 1985; Heckman &
Binder, 1989; Binder & Mendell, 1990). Review of these various issues is beyond the scope of
this dissertation, except to emphasize that adaptation must also be a result of intrinsic-extrinsic
interactions, with the relative weighting unknown.

There is now evidence that the magnitude of the AHP and the degree of initial adaptation
are greatly reduced in spinal motor neurons during fictive locomotion. These results suggest that
the nervous system has the ability to modulate the intrinsic behavior of the neuron (Brownstone,
1989). Itis highly likely that AHP is altered in other active states as well, such that the possibility is
remote that Kernell & Monster's (1982a,b) results on motor-neuron slowing in deeply
anesthetized cats bear direct relation to the results of Bigland-Ritchie et al. (1986) on motor-
neuron slowing in conscious man during attempts to sustain a MVC. Nonetheless, this
viewpoint, which is critical in an initial appraisal of Bigland-Ritchie's new (sensory-feedback)
fatigue hypothesis, remains to be proven, and in a systematic fashion: first, by further description
of intrinsic adaptive properties of motor neurons, as in the present study; and second, by the

superimposition of extrinsic factors, in fashion similar to Brownstone's (1989) work.
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Fig. 12. Interaction of intrinsic and extrinsic factors in determining the functional threshold of
motor neurons. This figure is a modification of arguments presented by Burke (1981) conceming
factors controlling the functional threshold of motor neurons in a spinal motor nucleus in response
to chemical synaptic-input drive. The key feature of this presentation is that functional threshold is
determined by a combination of presynaptic, interactive and postsynaptic (intrinsic) properties.
Currently, there is substantial debate on the relative weighting of these factors in determining
functional threshold (see text). Similarly, presynaptic, interactive and intrinsic properties must
contribute to the control of repetitive firing and motor neuron adaptation but, in this case, the
relative weighting of such factors are largely unknown. (Modified from Burke, 1981; his Tables 3

and 4).
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2.3.6 Size Principle issues

No information is available yet on the relationship between initial adaptation and the type
(size)-related properties of motor neurons (viz., Fig. 1). For late adaptation, Kernell & Monster
(1982a,b) have shown associations between its magnitude, the threshold for rhythmic (i.e.,
repetitive) firing, and muscle-unit twitch contraction time (an inverse relation). However, the same
study showed a .similar association between the magnitude of adaptation and the initial rate of
sustained firing. No attempt was made to factor out the latter relation (viz., Zengel, Reid, Sypert &
Munson, 1985), but the implication was that if so done, no association would have held up
between late adaptation and rhythmic-firing threshold. The results of Kernell and Monster
(1982a,b) are summarized in Table 1. They included a lack of association between the duration
of sustained discharge and rhythmic firing threshold, muscle-unit twitch contraction time, peak
tetanic force, and fatigability (the latter probably for technical reasons; vide infra). Furthermore,
there were many other possible size-related associations (cf. Table 1) not commented upon by
Kernell & Monster (1982a,b}, even though their data base would seem to have permitted the
relevant analysis. Inthe present study, it was possible to add substantially to Table 1 (see Table

4, Chapter 3).

2.3.7 Other physiological issues

There are two additional physiological issues highly relevant to the relation between
motor-neuron adaptation, the Size Principle and the sensory-feedback-in-fatigue hypothesis.
Although is considered beyond the scope of the present study, they deserve mention here, in
order to round out this discourse on adaptation.

Reactivation No information is available on the cessation and reactivation of motor-
neuron firing during sustained or intermittent current injection. All that has been described are

isolated examples of some cells that stopped firing during their sustained stimulation (Kernell &
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TABLE 1. Size-Principle issues: Summary of Kernell and Monster's results

Motor neuron Muscle unit

Discharge Extent of late  Contraction Force
duration adaptation time

Initial C

firing rate

Discharge NC NC

duration

Extent of late Cc

adaptation

Some of the relevant findings from Kernell & Monster (1982a,b). Two expected
correlations (C) which came from their work are shown. Correlations which were examined
but not revealed by their data are indicated by NC (no correlation). Note that technical
limitations (vide infra) prevented these investigators from testing for associations between
motor-neuron firing-rate properties and fatigability.
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Monster, 1982a; their Figs. 5 - 6). This is a serious deficiency in the motor-unit literature, because
the rules governing such behavior are of potential significance. For example, since the advent of
electromyography in the 1920s, there has been dispute about the possibility that motor units are
rotated into and out of activity during the execution of even low-force contractions (cf. Person,
1974; for review, Stuart & Enoka, 1983). The presently used techniques (vide infra) could throw
light on this problem, eve-n though reactivation was not addressed in the present work.

Functional spike trains To date, there have been no full-length studies (cf. however;
Spielmann, Robinson, Yuan, Reinking & Stuart, 1987) in which motor-neuron adaptation has
been analyzed during the imposition of command stimuli that simulate naturally occurring motor
tasks. For sustained firing in response to voluntary command signals, there is simply no
information. For repetitively occurring tasks, it may be possible to simulate the locomotor-drive
potentials of natural cat locomotion (Hoffer, Sugano, Loeb, Marks, O'Donovan & Pratt, 1987;
their Fig. 12), but this work was flawed by the authors comparing the firing pattems obtained from
motor neurons during the locomotion of conscious cat to the firing patterns obtained during
intracellular current injection in deeply anesthetized cats. As explained above, AHP may not
occur in the former situation, while it is routinely observed in the latter, at least in the fictive state
(Brownstone, 1989). However, in this analysis of fictive locomotion, no consideration was given
by Brownstone (1989) to the relation between the observed firing rates and naturally occurring
rates. Furthermore, there is no solid data on extrapolating high-speed firing rates (when fatigue
should be particularly prevalent) from the low-speed recordings available for conscious (Hoffer et
al. 1987) and decerebrate (e.g., Zajac & Young, 1980) cats.

The present work seemingly bears little relation to any of these issues. However, by use
of 1 Hz intermittently occurring brief (600 ms) epochs of current injection, it was possible to
compare the present results to those of Brownstone's (1989; i.e., present Fig. 10) and extend

upon them by quantifying the intrinsic adaptive properties of motor neurons during a stimulus
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protocol like that used by Brownstone (1989). In addition, work in Llinas's laboratory on the
adaptive properties of superior-collicular cells in an in vitro, guinea-pig slice preparation (vide
supra) deserves re-emphasis. In that study, a "long-term" adaptation was described, with
features (Fig. 11) like those of iate adaptation in cat motor neurons to sustained currents (cf. Fig.
7).

Summary Reactivation and functional spike trains are issues just as relevant to motor-
neuron adaptation as the Size Principle and fatigability issues focused upon in the present

proposal. The study of the former two would make a logical sequel to the present work.

2.3.8 Technical issues

Several technical issues seem to have confounded the study of motor-neuron
adaptation. These include; limited sampling, electrode penetration, electrode polarization,
anodal block, and inadequate membrane excitability.

Limited sampling Figure 13 is a simple schematic with a powerful message concerning
the unusually small sample size on repetitive motor-neuron firing, since the advent of intracellular
recording and stimulation techniques in the fate 1940s. In sharp contrast, the sample size for
study of passive-cell properties is greater by several orders of magnitude. This large discrepancy
is not necessarily tied to a disparity in the level of interest in the two topics: the study of repetitive
tiring with intracellular technique (Fuortes, 1954; cf. Alvord & Fuortes, 1953) began almost in
parallel with the intraceliular study of passive-cell properties (Brock, Coombs & Eccles, 1951,
1952; Woodbury & Patton, 1952). Rather, this disparity seems to have arisen in part from the
seldom-documented problem that intracellular microelectrode penetration compromises
repetitive-firing to a far greater extent than passive-cell properties. This problem has possibly
lead to fewer studies on repetitive firing (Kernell, 1965a; Schwindt, 1973; Schwindt & Crill,

1982).
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The generalized
motoneuron
(post late 1940s)

Cumulative intracellular recording time
Synaptic Potentials of Passive Cells: > 104 hrs

Spike Potentials of Active Cells: < 2-10 hrs

Fig. 13. The limited-sampling issue. Shown is a comparison of recording time for the generalized
motor neuron in the passive and active state. The right side schema represents a single motor
neuron impaled by a single microelectrode to represent all such impalements of all such motor
neurons since the intracellular recording technique was introduced in the late 1840s. The
numbers below represent a rough approximation of the sum of all of the recording time that
microelectrodes have been measuring motor neuron responses. The key feature of this figure is
the fact that the total duration of intracellular recording from cells while in the passive state is
almost four orders of magnitude greater than from cells in the active (repetitive-firing) state.
(Personal communication: D.G. Stuan).
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Electrode penetration When a microelectrodes pass through a cell's membrane, it is
possible that the membrane does not seal completely and tightly around the microelectrode.
With an improper seal, it is possible for intra- and extracellular ions to leak across the membrane
and alter the resting potential. This generally leads to a depolarizing shift which changes the
cell's excitability. For example, even in resting motor neurons, there is a close association
between the resting membrane potential and the amplitude of excitatory postsynaptic potentials
(for an ad-seriatim review, see: Eccles, Eccles & Lundberg, 1957a,b; Jack, Miller, Porter &
Redman, 1971; Jankowska & Roberts, 1972a,b; Watt, Stauffer, Taylor, Reinking & Stuart, 1976).
Figure 14A summarizes the seldom-acknowledged work of Goldberg & Clamann (1977), which
showed that the firing threshold of resting spinal motor neurons is particularly sensitive to the
intracellular insertion of a microelectrode. For active cells, the repetitive-firing literature has a few -
brief comments on the possibility that electrode penetration compromises cell firing (e.g.:
Kernell, 1'965a; Schwindt, 1973). Schwindt & Crill (1982) observed that motor neurons which
failed to exhibit a negative slope conductance in their current/voltage plot, also failed to produce
high rates of firing. This suggested to these authors that alteration of specific conductances, in
some instances due to electrode damage, may have affected repetitive discharge. in addition,
Kernell & Monster (1982b) have discussed the possibility that some of the phasic motor neurons
reported on by Mishelevich (1969) may have been damaged by impalement with the
microelectrode. Kernell & Monster (1982a) also provided a quantitative demonstration of a
significant correlation between the duration of repetitive firing and action-potential amplitude (Fig.
14 B); thereby giving rigorous credence to the electrode-penetration issue. In their sample, cells
were only studied if their spike amplitudes exceeded 60 mV. By the standards of passive-cell
recording, this criterion is considered acceptable (cf. Zengel et al. 1985). However, for repetitive-

tiring, even more stringent requirements may have to be met (cf. Gustafsson & Pinter, 1984a,b).
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Fig. 14. The electrode-penetration issue. Schematic summary of experiments showing that
electrode-penetration compromises the functional threshold of motor neurons. A, A schematic
summary of work by Goldberg & Clamann (1977) in which spinal motor neurons exhibiting
apparently normal electrical properties (membrane and action potential > 55 mV) were shown to
have markedly altered excitability to reflex input when impaled with a large (conventional) as
compared to a small microelectrode. In this schematic, motor neurons (MNs) in a single spinal
motor nucleus (MN pool) are shown contributing their axons to a cut ventral-root filament where
the action potentials were recorded extra-axonally for determination of their critical firing level
(CFL; see 7.1.7) in response to progressively decreasing synaptic excitation evoked by 1-2 Hz
electrical stimulation of the L7 and S{ dorsal roots. The CFL index provided quantitative
information on functional threshold which was shown to be the same for the small
microelectrodes, whether extracellular (E.C.) or intracellular (1.C.). However, the CFL value was
altered when the larger electrode impaled the test cells. B, Distribution of maximum discharge
duration values for those celis in the Kemell & Monster (1982a; their Fig. 1A) sample that
discharged continuously for at least 10 s of steady intracellular stimulation, 5 nA above the
threshold for rhythmic firing. For this sample, there was a significant correlation between the
maximum discharge duration and antidromic spike amplitude, thereby providing quantitative
evidence that electrode penetration may have altered the cell responses.
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However, even in hippocampal-slice preparations, which are renowned for allowing highly stable
intracellular recording conditions (Andersen, 1981), repetitive-firing mechanisms are the first to
fail, as the preparation and/or the recording conditions begins to deteriorate (Foehring, personal
communication; cf. Schwindt et al. 1988a,b). ‘

On the basis of these results, what seems now required in the study of motor-neuron
adaptation in reduced-animal preparations are: 1) confirmation that a cell firing for a short period
(<1 s) is not damaged, and 2) generation of a sufficiently large sample size to know that the full
range of possibilities have been tested. The present study directly addresses the latter of these
issues.

Electrode polarization Electrode polarization is attributable to the lack of charge carriers
in the current path (generally found at the electrode tip), resulting in a sharp rise in electrode
resistance which limits the current-carrying capacity of the electrode (Geddes, 1977; Purves,
1981). Interestingly, Kernell & Monster's (1982a) discussion of potential mechanisms underlying
the mechanisms of late adaptation ends with a cautionary note: "... Such phenomena could not,
however, be reliably studied in the present experiments because of the polarization artifacts
produced when strong currents were injected through the recording microelectrode”.

Electrode polarization is a potential problem during extracellular stimulation as well.
However, the larger currents needed to stimulate a neuron extracellularly necessitates the use of
lower resistance electrodes to pass the appropriate currents. Yet, even such low resistance
electrodes did not provide consistent recording of extracellular spikes. In the present study,
electrode polarization was only a concern if it severely limited the current-passing capacity of the
electrode.

Anodal block In their classic report, Barron & Matthews (1938) reported a graded
response in motor-neuron discharge rate as a function of increased levels of extracellular

stimulating current. They also emphasized that additional increases in extracellularly applied
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current often caused the repetitive, motor-neuron discharge to stop abruptly. Subsequently,
such sudden termination of repetitive firing due to anodal block has been demonstrated in motor-
axon terminals at the neuromuscular junction (Katz & Miledi, 1965), and in cells (or their axons)
within the CNS (for review: Ranck, 1975).

Anodal block is usually thought to occur when high levels of cathodal current are used to
stimulate cells with extraée"ular electrodes. With cathodal extraceliular/extra-axonal stimulation, a
depolarizing region surrounds the electrode, but adjacent tissues become hypemolarized. If the
test cell (or axon) is located in this hyperpolarized region, and the current is of sufficient strength,
their cell (axon) may be brought below threshold and any ongoing repetitive discharge will cease.

Inadequate membrane excitability Under normal circumstances, the motor-neuron
membrane is under continuous synaptic bombardment, when the cell is either active and
passive. There are well- and thoroughly established relationships between synaptic noise and
the probability of firing (for review: Gustafsson & McCrea, 1984). In such work, firing-probability
correlograms are fitted to the shapes of postsynaptic potentials. However, such analyses do not
extend to the association between synaptic noise and the threshold/duration of repetitive firing.
It seems certain that it is unphysiological to analyze repetitive discharge in deeply anesthetized
cats (in which a minimum of presynaptic activity is bombarding the test cell's membrane) by
sustained depolarizing currents, whether injected intracellularly or extracellularly. However,
motor-neuron adaptation has been largely siudied under these conditions. In similar vein, even
though it is well known that synaptic and intracellularly injected currents sum to augment firing (for
review: Granit, 1972), no attempt has yet been made to exploit this finding in the study of motor-
neuron adaptation.

Summary The repetitive-firing literature is unusually sparse, particularly when compared
to that on the properties of passive cells. There is no indication that the technical problems

associated with the study of repetitive-firing has a functional counterpart, so the possibility of
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technical limitations is compelling. Electrode penetration and polarization are likely candidates,
along with anodal block and membrane inexcitability. In the present work, these problems were

addressed systematically, with an emphasis on the extracellular activation of repetitive firing.

2.3.9 Resolution of technical issues

In this study, motor-neuron adaptation was studied by producing repetitive discharge in
cells stimulated with extracellular currents. Comparison of these results to the previously
published work of Kernell & Monster (1982a,b) addressed the electrode-penetration issue.
Electrode polarization and anodal block were addressed by the simple fact that if the currents
used in this study produced maintained discharge without abrupt stoppage, then anodal block
was not considered to be an issue. As was discovered early on in this study, electrode
polarization was a problem only in so far as it affected electrode balance which precluded the
direct monitoring of motbr-neuron discharge via the microelectrode. Inadequate membrane
excitability also proved not to be a problem. In the absence of superimposed pink noise (band-
limited white noise, 0 - 200 Hz), the celis tested in the present study with sustained and
intermittent extracellular current pulses, exhibited firing-rate adaptations similar to those seen
previously during intracellular stimulation (cf., Kernell & Monster, 1982a,b; Llinas & Lopez-
Barneo, 1988). During superimposed pink noise, the cells presently tested exhibited enhanced
firing without unduly changing the adaptation process. This result is particularly interesting, but
beyond the scope of the present work.

Some nuances associated with extracellular activation are discussed next.

Extracellular activation Subsequent to Barron and Matthews' classical work (1938; vide
supra) no efforts were made to study repetitive-firing by means of extracellular activation until the
elegant work of French (1984, 1987, 1989a,b; vide supra) on the single sensory neuron in the

femoral tactile spine of the cockroach (e.g., Fig. 11). Also, strengthening the case for
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extracellular activation, was the work of Gustafsson & Jankowska (1976) in which two
microelectrodes, one extracellular and the other intraceliular, were used to map the current-
distance relationship for extracellular stimulation of single cat motor neurons. Electrode position
relative to the cell body was determined by assessing the amplitude and shape of the
extracellular antidromic action potential (cf. Araki & Terzuolo, 1962; Nelson & Frank, 1964 ). The
minimum current threshold (< 1.0 pA) for a single action potential was found near the initial
segment. Figure 15 summarizes some of their work, including the particularly relevant
observation that the current-distance relationship was remarkably steep for extracellular activation
of a single motor neuron near its initial segment. This finding provided confidence that when
attempting to activate a single motor neuron by extracellular stimulation with a microelectrode,
larger currents represented situations where the electrode tip lay far from the initial segment; an
unacceptable situation for this study. On the basis of this finding, and the previous results of
French (vide supra; Fig. 11), preliminary studies were done which provided the rationale for the
study of motor-neuron adaptation to sustained extracellular stimulation.

Summary The previous work of Gustafsson & Jankowska (1976), French (1984, 1987,
1989a,b) and preliminary experiments carried out in this laboratory confirmed the feasibility of
studying motor-neuron adaptation by way of extracellular activation. By these means it was
hoped to obviate some of the technical problems that seem to have confounded previous
studies of motor-neuron adaptation. The procedures in total were aimed at quantifying intrinsic
motor-neuron adaptation and testing for a relationship between this property and other type

(size)-related properties of the tested cells and their motor units.
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Fig. 15. Extracellular activation of single motor neurons. A, Schematic drawing of the
experimental arrangement. As shown to the left, intracellular and extracellular records were taken
from single cells, which are represented by the large circle in the middie. For each position of the
extracellular electrode, such parallel records were taken first while the cell was excited by positive
current pulses through the intracellular electrode. Subsequently, negative current pulses were
applied through the extracellular electrode. The drawing to the right shows a double-step motor
manipulator used for positioning the electrodes. The two manipulators (7 and 2) were joined at a
16° angle. A wedge-shaped support was fixed to 7 and held 2. Each manipulator carried an input
amplifier holding a microelectrode. 2 also carried a compound slide arrangement (3) which allowed
displacements of the electrode in the horizontal plane, 5 mm in each of the four directions. B,
Thresholds for direct activation of cells as a function of distance from the lowest threshold
stimulation site. Intensities of current pulses (ordinate) required for excitation of 8 spinal motor
neurons are plotted against distances of the electrode tip (abscissa), dorsal or ventral to the
stimulation site at which the threshold current was minimal. Data are for ten tracks, with two each
for 2 motor neurons. Note that, in all instances, the minimum thresholds were < 1.5 pA, giving
confidence that the 0 um value reflects cell activation near its initial segment. (From Gustafsson &
Jankowska, 1976; A - their Fig. 1; B - their Fig. 6B).
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2.4 RATIONALE FOR THE STUDY

The hope of systems neurobiology in motor control is that "outside-to-inside” and
"inside-to-outside" experimental approaches and results will eventually blend to advarce our
understanding of the neural control of movement. In this study, specific experiments were
conducted on the intrinsic adaptive properties of motor neurons in the cat spinal cord, and their
association with other type (size)-related properties of the test cells and their motor units. It was
also hoped that this information on intrinsic firing-rate properties would stimulate subsequent
studies on extrinsic firing-rate properties. Once both sets of information are available, they
should round out the information required to further evaluate one component of Henneman's
(1957, 1977) Size Principle: i.e. that the properties of motor neurons are linked to the properties
of the muscle fibers they innervate. Once both intrinsic and extrinsic firing-rate properties of
motor units are better understood, the information should also have important bearing on a new
sensory-feedback hypothesis (Bigland-Ritchie et al. 1986) that has come to the forefront in the
study of human muscle fatigue.

The motor-neuron adaptation literature is quite small. However, by obviating one
technical problem (electrode penetration), and reducing one other (anodal block), it was possible
to both enlarge and enhance the database on the firing patterns of motor neurons during their
sustained and intermittent activation. By these means, it was possible to provide a far more
detailed qualitative and quantitative description of late adaptation and show how this intrinsic
motor-neuron property related to other type (size)-related properties of motor neurons and motor

units in accordance with Henneman's (1957, 1977) Size Principle.
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CHAPTER 3: MOTOR-NEURON ADAPTATION IN RESPONSE TO SUSTAINED

EXTRACELLULAR ACTIVATION

3.1 SUMMARY

1. The main purpose of this study was to quantify the adaptation of spinal motor neurons to
sustained activation, using an extracellular route of stimulus-current application to single test
cells, in contrast to an intracellular route, as has been used previously. In addition, associations
were tested between three firing-rate properties of the tested cells and other type (size)-related

propetties of these cells and their motor units.

2. Motor neurons supplying the medial gastrocnemius muscie of the deeply anesthetized cat
were stimulated for 240 s with microelectrodes, which passed sustained extracellular current at
1.25 x the threshold for repetitive firing. Cell discharge was assessed from the EMG (compound
action potentials) of the motor unit innervated by the test neuron. The motor neurons and their
motor units were assigned to four categories (i.e., types FF, FR, S; F=FF+FR) based on
conventional criteria. In all, twenty F (16 FF, 4 FR}- and fourteen S cells were studied. They all

fired repetitively for 2 10 s in response to sustained stimulation.

3. The mean (t+ S.D.) threshold current required for sustained firing for a period of= 2 s was not
significantly different for F- and S cells ( 418 + 207 nA vs. 462 + 234 nA) cells. However, most of
the other measured parameters of motor-neuron firing differed significantly for these two cell
groups. For example, at 1.25 x the threshold current for repetitive firing, the mean firing duration
in response to 240 s of sustained activation was 123 + 88 s for F cells vs. 233 + 19 s for S cells.
These values were significantly longer than those from a comparable, previously reported study

that employed intracellular stimulation. The difference in firing duration in the two studies was
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more pronounced for S cells, as if to suggest that they may be more susceptible to damage by

intracellular penetration than F cells.

4. All cells exhibited a brief accelerating discharge that was followed by a slower drop in firing rate.
Some cells (21 of 34; 9 F, 12 S) exhibited doublet discharges (interspike intervals < 10 ms) that
were intermingled with tﬁe more predominant singlet discharges (interspike intervals > 10 ms).
Although the doublet firing was quantitated, the focus of the present analysis was on the profile

of singlet discharge, as presented below.

5. The time required to reach peak firing frequency following repetitive firing onset was
significantly shorter for F- than S cells (7.0 £ 5.0 s vs. 14.3 £+ 13.6 s) and the peak frequencies
also differed significantly (F, 28.0 £ 7.7 Hz vs. S, 15.6 £ 2.5 Hz). Subsequently, the F cells' mean
magnitude of firing-rate reduction was significantly greater than that for S cells (16.2 t 6 Hz vs. 5.8
+ 3 Hz). These gradual reductions in firing frequency for both F- and S cells during the course of
their sustained stimulation were qualitatively similar to the late adaptation observed in previous

studies that had employed intracellular stimulation.

6. The time course of firing frequency for all units was fitted with a double exponential equation
[Y = - K1*exp(-t/t11) + Ko*exp(-t/72)]: the first time constant (1) for the initial increase in frequency
was relatively short (F, 25 + 2.1 s vs. S, 3.7 + 4.1 s). The second time constant (t2) was
significantly shorter for F than S cells (130.7 + 98.4 s vs. 750.0 + 402.4 s). It is argued that the 12

values provided a quantitative description of the late-adaptation observed in previous studies.

7. Associations were tested between three firing-rate properties of the test cells brought out by

their extracellular activation, and other well-known, type (size)-related properties of motor
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neurons and motor units. The total number of spikes generated by each cell during sustained
activation was significantly correlated with peak firing frequency, the time constant of late
adaptation (tp), and motor-unit twitch contraction time. Peak firing frequency and 12 were each
significantly associated with axonal conduction velocity, motor-unit twitch contraction time, and
peak tetanic force. These results gave further credence to the value of the extracellular-
activation technique, as a reliable means to study motor-neuron' adaptation in the mammalian

spinal cord.



64

3.2 INTRODUCTION

In the human muscle-fatigue literature, there has been substantial recent interest in the
observation that as muscle fatigues during a maximal voluntary contraction, there is a decline in
both the rate of relaxation in force for whole muscle and the mean activation rate of motor-unit
populations; an association that apparently serves to optimize muscle force by matching
discharge rate to fusion frequency (e.g., Bigland-Ritchie et al. 1983). This fatigue-induced
association between relaxation rate and discharge rate has also led to the hypothesis that "...
during fatigue, motorneurone firing rates may be regulated by a peripheral reflex originating in
response to fatigue-induced changes within the muscle” (Bigland-Ritchie et al. 1986). Already,
this hypothesis has stimulated new work on both experimental animals (Hayward et al. 1987;
Hayward et al. 1988) and conscious humans (Garland et al. 1988a,b). However, in one of the
original promulgations of this hypothesis, the authors emphasized that: "... the decline in
motoneurone firing rates seen during fatigue of a sustained maximum voluntary contraction may
result primarily from changes in central motoneurone excitability; the time course of frequency
changes are quite similar to that reported by Kernell and colleagues for changes in the discharge
rates of cat single motoneurones in response to constant current injection (Kernell, 1965a,b;
Kemell & Monster, 1982a,b) ..." (Bigland-Ritchie et al. 1986).

The cited work from Kernell's laboratory is the most substantial yet undertaken on motor-
neuron adaptation; particularly as it relates to muscle fatigue. The main purpose of the present
work was to quantify the motor-neuron adaptation that is an intrinsic property of the cell. A
second goal was to test for associations between intrinsic firing-rate properties of motor neurons
and other type (size)-related properties of motor neurons and motor units. The relation of the
present findings to Bigland-Ritchie's new fatigue (sensory-feedback) hypothesis is considered a

somewhat separate issue which is addressed below in Chapter 5.
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The main difference between the present study and Kernell's work is a unique attempt to
study adaptive properties using extracellular- instead of intracellular stimulation of the test cell.
Motor neurons supplying the medial gastrocnemius muscle of the cat hindlimb were stimulated
extracellularly with sustained current set at 1.25 times the threshold for repetitive firing and the
discharge rate of functionally isolated motor neurons was monitored via their EMG patterns. The
slowing in discharge rate of this cell type during sustained activation was confirmed (ct. Kernell &
Monster 1982a) and characteristics of the adaptive behavior were quantified for thirty-four cells.

It was shown that the extracellular stimulation technique increased the proportion of cells
that responded with prolonged firing periods, possibly by reducing cell damage. Furthermore,
several significant associations were demonstrated between the firing-rate properties of the
tested cells and other type (size)-related properties of the test cells and their motor units. Such .
associations give further credence to the value of the extracellular-activation technique for study

of motor-neuron firing properties in the mammalian spinal cord.

3.3 METHODS

3.3.1 Muscle mode!

The test muscle was the cat medial gastrocnemius, a bulky unipennate, hindlimb ankle-
extensor composed of about 300 motor units: 50% FF + Fl, 25% FR, and 25% S (McDonagh,
Binder, Reinking & Stuart, 1980a) whose motor neurons are readily located within the spinal cord
for intracellular recording with a microelectrode (Stauffer & Watt, 1976). The different motor unit
types account for about 80%, 15%, and 4%, respectively, of the cumulative force output of the
muscle (for review: McDonagh et al. ,1980b). Medial gastrochemius was also the test muscle in
the Kernell & Monster (1982a,b) studies, which allowed for direct comparison between the two

sets of data.
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3.3.2 Surgical procedures

Experiments were performed on adult cats of either sex weighing between 2.5 and 3.5
kg. Anesthesia was induced by an intraperitoneal bolus of sodium pentobarbital (40 - 60 mg/kg),
followed by intravenous maintenance doses as needed throughout the experiment.
Dexamethasone (2 mg i.m.) was routinely administered to reduce edema in the spinal cord. The
initial surgery inv-olved the placement of a tracheal cannula and intravenous, intra-arterial, and
bladder catheters. Blood pressure (via carotid cannula), rectal and muscle temperature, and
percent expired CO2 were monitored and maintained at approximately = 80 mm Hg, 37° C, and <
3.5%, respectively. Artificial ventilation was delivered via the tracheal cannula, if required. A
lumbosacral laminectomy was performed to expose the spinal cord from L4 to L7. To reduce the
possible force contributions from other muscles, the left hindlimb and hip were denervated
except for medial gastrocnemius. Great care was exercised during the surgery to ensure that the
blood supply to the test muscle was not compromised.

After completion of the initial surgery, the preparation was mounted in a rigid frame. The
left leg was fixed at the knee and ankle in a flexed position (approximately 105° at the knee) and a
paraffin oil bath formed from the leg skin. Medial gastrocnemius was attached to a force
transducer via a low compliance dacron line and passive force was maintained at approximately 1
N (cf. Burke, Levine, Tsairis & Zajac, 1973), with all subsequent tests conducted at a length
corresponding to that passive force. A bipolér electrode was placed on the nerve to medial
gastrocnemius approximately 10 mm from the entry point into the muscle. Bipolar electrodes
were also placed on tibial, hamstring, lateral gastrocnemius-soleus, and lateral peroneal nerves
for antidromic stimulation to facilitate the localization of the test celis (i.e., supplying medial
gastrocnemius) with the microelectrode. The dura was reflected from L4 to L7 to expose the
spinal cord and dorsal roots Lg and L7 were sectioned on the left side. The experiment was

terminated if the blood pressure fell below 80 mm Hg or if whole-muscle twitch force fell below
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70% of initial. Animals were sacrificed at the conclusion of the experiment by i.v. injection of
MgS0O4. Conduction distance was measured along the sciatic nerve from the Lg - L7 dorsal-root
junction to the medial gastrocnemius muscle-nerve electrode for determination of axonal

conduction velocity.

3.3.3 Stimulation and data-recording arrangement

Figure 16 shows the stimulation- and data-recording arrangement. Broken-tipped
microelectrodes (O.D., 10 - 14 um; resistance, 0.8 - 1.2 MQ), filled with 2M potassium citrate and
connected to an intracellular amplifier, were advanced through the spinal cord with a microdrive.
Initial experiments with NaCl electrodes were unsuccessful in producing sustained repetitive
discharge for 2 20 s. A Ag/AgCl reference electrode (surface area, ca. 160 mrn2) was placed in
adjacent spinal musculature. Test cells were antidromically activated with 0.1 ms pulses at 1/s and
the intraspinal field potentials were monitored with the microelectrode. Every effort was made to
limit the number of stimuli delivered to the medial gastrocnemius muscle nerve. As the tip of the
electrode was advanced deeper into the cord, the extracellular potentials waxed and waned
according to the tip's proximity to the activated motor neurons. Initially, the microelectrode's tip
was positioned in a region of the cell pool supplying medial gastrocnemius which corresponded
to the maximum amplitude of the extracellularly recorded antidromic response to stimulation of
the nerve to medial gastrocnemius. The final tip position was obtained by passing 2 - 5 ms
depolarizing (cathodal) current pulses (at 1 Hz) and placing the tip in the position corresponding
to the site of lowest threshold for initiation of a single action potential. At this position, stimulation
at 2 x threshold for spike initiation produced activation of only a single test cell, as recorded in the
muscle-nerve neurogram and motor-unit EMG. The low stimulus currents (< 1 pA) required to
stimulate motor neurons was considered to indicate that the tip position was as close to the initial

segment/soma region as possible (cf. Gustafsson & Jankowska, 1976).
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Fig 16. Schematic of the experimental arrangement. An extracellular (EC) microelectrode was
placed near the soma of a medial gastrocnemius motor neuron. A dorsal-root volley (DR) was used
to set antidromic threshold for motor neurons. EC positioning was guided by antidromic
stimulation of either the medial gastrocnemius muscle nerve (MuN) or the proximal stumps of
other muscle nerves (OMuN). Functional isolation of single medial gastrocnemius motor neurons
was assured by averaging (32 sweeps) the MuN recording following a brief (2 - 5 ms) command
pulse (CP) delivered by the EC electrode via a microelectrode amplifier. A 240-s sustained CP
was used to induce repetitive discharge in the test cells. Relevant signals including EMG, MuN,
Force, and CP (actual injected current) were recorded on analog tape for later analysis.




69

Proof of functional isolation of a single cell was based on all-or-none EMG (compound
motor-unit action potentials) and force profiles in response to a graded stimulus, and the
appearance of a single spike in the averaged neurogram (32 sweeps) following stimulation with
short (2 - 5 ms) extracellular current pulses delivered through the microelectrode. Although
extracellular current may have activated other motor neurons of different muscle species, this was
not considered to be of consequence to the present results. The combination of tests provided
unambiguous evidence of activation of a single motor neuron supplying medial gastrocnemius.
Motor-unit activity was monitored with a fine-wire electrode embedded in the test muscle and
referenced to adjacent denervated leg musculature. Motor-neuron activation was monitored via

the motor unit's EMG spike trains.

3.3.4 Experimental protocol

Following the functional isolation of a single motor neuron, its muscle unit was
characterized using the following criteria: 1) twitch contraction time (CT) averaged from 8 or 16
single stimuli (pulse duration here and for criteria 2 and 3, 2 - 5 ms) delivered by the extracellular
(EC) microelectrode at 0.1 Hz; 2) a 500 ms unfused tetanus delivered at a stimulation rate of 1.25
x CT to assess the presence (F cells) or absence (S cells) of "sag” (i.e., the sag test of Burke et al.
1973),; and 3) peak force in response to tetanic stimulation at either 200 Hz (train duration, 250
ms) for F cells or 100 Hz (train duration, 500 ms) for S cells. Subsequently, the threshold for
repetitive firing of > 2 s to sustained activation was determined and, if < 1 pA (cf. Gustafsson and
Jankowska, 1976), the cell was subjected to four sequences (paradigms) of 240-s stimulation,
including: 1) sustained extracellular stimulation at 1.25 x the threshold for sustained firing; 2) a
120-s rest followed by sustained stimulation with a superimposed subthreshold pink noise; 3) a
120-s rest followed by intermittent stimulation with 600 ms current pulses delivered at 1 Hz (at

1.25 x the threshold for repatitive firing); and 4) following another 2-min rest, sequence 3 with
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superimposed subthreshold pink noise. All data were stored on a 7-channel FM tape recorder for
subsequent analysis.

The present report deals only with data obtained using the first stimulation paradigm.
Data from the third paradigm form the basis of Chapter 4. Results from the second and fourth
paradigms will require additional manuscripts not included in this dissertation.

Following the final period of 240-s stimulation, and a subsequent 2-min rest period, the
test cells were stimulated with a train of 13 pulses at 40 Hz for 330 ms, repeated at 1 Hz for 2 min
(Burke et al. 1973). A standard fatigue index was calculated based on the ratio of the peak force
developed in the 1st train divided by that developed in the 120th train. This test was only useful
when the units remained capable of generating force following the battery of prior tests (cf.
Clamann & Robinson, 1985; Botterman & Cope, 1988a,b; for review, see Bevan, 1991). Motor
units (and their innervating motor neurons) were classified as fast (F; n = 20) if their twitch
contraction times were < 38 ms and slow (S; n = 16) if > 38 ms. All thirty-four units were
characterized as either: FF, for fast-contracting, highly fatigable motor units; FR, for fast-
contracting, fatigue resistant units; or S, for slow-contracting, fatigue resistant units (Table 2; cf.
Gordon, Enoka & Stuart, 1990). Twenty units (4 FF, 4 FR, 12 S) were classified on the basis of
the standard fatigue index (FF < 0.25; FR + S > 0.75). For the remaining fourteen units (12 FF, 2
S), the test neuron was either lost before completion of the four stimulation paradigms (i.e. prior
to the standard fatigue test; 1 FF, 1 S), or no measurable force was produced by these units
during the application of the fatigue test (6 FF, 2 S). For these fourteen cells, their fatigue
classification was assessed qualitatively during the first 240-s (sustained) stimulation period: the
twelve FF units exhibited a pronounced reduction of force during the course of stimulation

whereas the two S units maintained ca. > 70% of their initial force.



TABLE 2. Neuromechanical properties of the motor-unit sample

Motor-unit type FF
Sample size (n) 16**
Sag +
Twitch contraction 249+ 5.0
time (ms) (17.4-37.3)
Twitch force 27.1 £ 29.9
(mN) (2.1-111.8)
Tetanic force 320.5 + 183.3
(mN) (65.2-719.6)
Conduction 87.6 £ 9.0
velocity (m/s) (73.6-109.7)
Fatigue index 0.24 + 0.11
(0.12-0.35)
n=4

Values are mean + S.D. (range). The sample includes twenty units that were classified on
the basis of twitch contraction time, sag, and force production during a standard fatigue test
(Burke et al. 1973). One unit was so classified using only the twitch contraction time and the
fatigue test. Fourteen units were classified using twitch contraction time, sag, and the profile of

FR
4
+

220+7.2
(14.6-31.7)

22+16
(1.2-4.6)

88.2 + 66.1
(32.8-169.7)

813+ 9.0
(69.3-91.0)

0.88 £ 0.26
(0.51-1.10)
n=4

force produced during extracellular stimulation.

* F = FF + FR motor units.

2741 + 190.6

(32.8-719.6)

86.4+9.2
(69.3-109.7)

0.56 = 0.39
(0.12-1.10)
n=8

S
14

53.4 + 12.4
(38.6-75.5)

14+1.2
(0.2-4.5)

18.8 + 18.9
(1.1-71.6)

742+ 7.4
(62.5-90.5)

1.04 £ 0.13
(0.73-1.17)
n=12

** One F cell classified as FF had a positive sag test (cf. Reinking et al. 1975).
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The fatigue classifications provided above are considered conventional (Burke, et al.
1973; Clamann & Robinson, 1985; Botterman & Cope, 1988a,b). However, the fatigue indices
derived from the standard fatigue test in the present study are not considered reliable indicators -
of absolute fatigue (defined as a "... failure to maintain the required or expected force"; cf.
Edwards, 1981), because the test was applied after four, 240-s prior periods of stimulation (i.e., 2
sustained, 2 intermittent; vide supra). Kernell & Monster, (1982a) presented some of the
methodological problems associated with this issue (see their discussion of their Fig. 3). In their
case, the fatigue test was applied after a far shorter duration of prior stimulation. For these
reasons, no attempt was made in the present study to test for an association between the fatigue
index and other type (size)-related properties of motor neurons and motor units. At first glance, it
would seem that an alternative procedure would have been to provide a fatigue index based on
the first 240-s period of sustained stimulation. However, a variety of methodological and
stimulation problems, whose resolution will require further experimentation, precluded such an
approach in the present work. Several issues are relevant here, and each is related to the firing
pattern produced by each neuron in response to stimulation. The absolute firing frequency, and
the change in frequency with time were obviously not standardized across units. In addition,
some units exhibited doublet discharge (vide infra), which substantially affects force production.
Each of these factors contributed to the difficulty in using the force profile during the initial period
of sustained stimulation to produce a quantitative index of fatigue which would provide a
meaningful comparison between units. In summary, the standard fatigue test as used in the
present study provided a reliable means of classifying motor units, an interpretation supported by
several previous studies that have applied the test after a prior period of fatiguing stimulation (e.g.
Kernell & Monster, 1982a,b; Clamann & Robinson, 1985; Botterman & Cope, 1988a,b).
However, it was not considered appropriate to test for an association between this index and
other type (size)-related properties of motor neurons and rotor units.

3.3.5 Data analysis

The discharge pattern of single cells was determined off-line from the EMG signal using a
computer-based spike discrimination system employing a template-matching algorithm (SPS
8701; Signal Processing Systems, 23 Airlie Ave., Prospect 5082, Australia; Turker, Miles, Smith
& Nordstrom, 1989) which measured the firing times with a + 125 ps resolution. The EMG
waveform of the S units showed little change during the 240-s course of their stimulation.
Consequently, determinaticn of firing times from the EMG was straightforward for these units. In
contrast, some F units posed difficulties in discrimination. Their EMG waveforms tended to
decline in amplitude and change in shape during the course of stimulation. Figure 17A shows
such an example. The motor neuron began firing 3 s after the onset of current application (Fig.
17A; first trace). After 30 s of stimulation (Fig. 17A; second trace), the cell was firing at a higher
frequency, and the EMG was already reduced in amplitude. At 60 s (Fig. 17A; third trace), the

firing frequency had declined from its earlier peak, the amplitude was reduced further and a
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Fig 17. Examples of motor-unit EMG changes during the course of the 240-s period of sustained
stimulation of a spinal motor neuron. Shown in A are 1 s epochs of the EMG record beginning at
different times following the onset of the stimulating current (3 s; 30 s; 60 s; 240 s) for a cell that
exhibited only singlet discharge (i.e., interspike intervals > 10 ms). For this illustration, the EMG
signal was sampled at 244 ps/pt. The motor-unit EMG declined markedly in amplitude (note
different calibration values for 3 - 60 s, and 240 s) and changed in shape. Such changes in the
EMG waveform occurred slowly and progressively. B, Shows 1 s epochs of the EMG record at
different times following the onset of stimulation (30 s and 210 s) for a cell (different from cell
shown in A) that exhibited doublet discharge (interspike intervals, < 10 ms) in addition to singlet
discharge throughout most of the stimulation period.
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slower, late component in each EMG wavelet became more prominent. By 240 s (Fig. 17A;
fourth trace), the firing frequency had declined further and the EMG amplitude was markedly
diminished. Discrimination accuracy in such cases was facilitated by the use of the SPS 8701.
The template-matching algorithm allowed the entire EMG waveform to be considered, and its
adaptive template allowed slow changes in EMG waveform to be followed even with a worsening
of the signal-to-noise ratio due to a decline in EMG amplitude. On very rare occasions, spurious
background EMG activity was present, arising from an additional motor neuron(s) supplying
medial gastrocnemius which became active during the sustained extracellular stimulation.
However, for the data included in the present analyses, exiransous spikes were easily
discriminated against and they did not affect discrimination accuracy for the EMG spikes of the
test motor neuron.

Figure 178 shows the EMG from a unit that discharged with doublets (interspike intervals
<10 ms; vs. > 10 ms for singlet discharge; Zajac & Young, 1980) throughout most of the 240-s
stimulation period. These doublet discharges were easily recognized by the waveform
discriminator, so they presented no special problem in assessing the interspike intervals of the

test cell's discharge.

It is highly unlikely that doublets could have been generated in the muscle fibers
themselves without a corresponding neural event. In normal mammalian muscle, under a wide
range of stimulaticn conditions, multiple muscle action potentials following a single stimulus have
never been reported. For this reason, we are confident that doublet spikes as recorded in the
muscle EMG faithfully reflected activity in the test motor neuron.

The interspike (EMG) intervals were used to analyze the entire, sustained instantaneous
discharge profile on an Apple Macintosh computer (Apple Computer, Inc., 20525 Mariani
Avenue, Cupertino, CA 95014) using laboratory-developed software written in LabVIEW, an
icon-based programming environment (National Instruments Corporation, 6504 Bridge Point

Parkway, Austin, TX 78730-5039). The analysis involved several phases, as summarized below.
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Fitting of time constants to the instantaneous discharge-frequency profile Separate time
constants were fitted to singlet discharge profiles (interspike intervals > 10 ms) and to the doublet
discharge profiles (interspike intervals < 10 ms) if the cell displayed this latter type of firing
behavior. The singlet discharge will be dealt with first along with general principles of fitting time
constants. Treatment of the doubiet discharge will then be discussed.

The usual response of a motor neuron to extracellular stimulation was an initial increase in
firing frequency of the singlet discharge followed by a slower decline (e.g., Fig 18A). The time
course of the change in firing rate for each motor neuron was modeled as a second-order system
and fitted with a double exponential equation (Eq. 1; Fig. 3; see also Laouris, Windhorst, Rissing,
Kuipers & Meyer-Lohmann, 1988b).

Y =-Kye¥1 + Koet2 (Ea.1)

The first step in the fitting process was to plot the natural logarithm of the instantaneous
frequency vs. time (Fig. 185; referenced from the onset of firing). When plotted in this manner,
the data were readily separated into two segments, corresponding to the periods of increasing
and decreasing frequency, which could each be fitted with a straight line of ditferent slope.
Initially the data were divided arbitrarily at the inflection point corresponding to the transition from
the period of increasing rate to that of decreasing firing rate. Using the least-squares method, a
linear regression was performed on the data associated with the period of decreasing discharge
rate. Selection of the optimal time point (topt) for separating the data values was done by iteration
until the mean square error of the total fit was minimized. The fitted line (Fig. 188) provided the
time constant (12; slope of the regression line) and the intercept (Kz; antilogarithm of the ordinate
intercept of the semilogarithmic plot) for the second term of Eq. 1. Once the decreasing-rate
values were fitted, the deviation of the residual data points from this regression line was used to
extract the parameters of the first term (increasing rate) of Eq. 1. To determine these parameters,

a "peeling" procedure was employed. The residual data points (i.e. points at time < topt) and the
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ordinate values of the regression line at corresponding times were expressed in linear terms
(antilogarithm). Their corresponding differences were determined and plotted in semilogarithmic
scale (Fig. 18C). A regression line was fitted to these points to obtain the time constant (z1; slope
of the regression line) and coefficient for the first term of Eq. 1 (Fig. 18C). In order to determine
K1, the intercept was corrected for the shift imposed by the method by calculating its difference
from the intercept of the second term. Note that in Eq. 1 the term derived from the data shown in
Fig. 18C is subtracted from the second (late adaptation term) to produce a fitted line which

followed the increasing firing rate profile of the data in the first few seconds.

The double exponential equation used to fit the instantaneous firing frequency profile in
this study provided values for initial firing frequency, time to peak firing frequency, peak firing
frequency, and two time constants, used to quantify the initial increase- and subsequent
decrease in firing. These values are presented below in Table 3 and are discussed in relation to
selected biophysical and physiological issues. However, values for K1 and K2 are not presented
in Table 3, even though they were both necessary to determine the above-mentioned
parameters, The rationale for their exclusion in the Results section is that we believe that it is not
appropriate to treat the two exponential independently. Furthermore, the biophysical and
physiological meaning of these values is too obscure at this time, to warrant additional discussion.

Many cells responded with varying degrees of doublet firing (e.g., Fig. 20C,D). In these
instances, a double exponential fit was applied to the singlet firing profile alone, and the decline
in doublet firing was treated separately and described by a single time constant. A fit was applied
to the doublet discharge if: 1) the doublet firing was continuous with a definitive starting and
stopping point (Fig. 20C; upper set of discharges); or 2) in the case of intermittent doublet
discharge (Fig. 20D), only that portion of continuous doublet discharge was fitted (e.g. first 120 s
of doublet firing; upper portion of Fig. 20D). The rationale for fitting the doublet- and singlet-firing
profiles with separate time constants involved four points. 1. The doublet and singlet interspike
intervals were grouped into clearly separate frequency ranges. Doublet intervals did not merge
into the singlet-discharge range with adaptation. Discharge in the instantaneous frequency
range between that of singlet- and doublet firing (60 - 100 Hz) was very infrequent. 2. When

fitted separately, the adaptation of doublet- and singlet-discharge yielded different time
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Fig 18. Method used to fit a double exponential function to the instantaneous firing-
frequency profile of a motor neuron.



Fig 18. Method used to fit a double exponential function to the instantaneous firing-frequency
profile of a motor neuron. The firing pattem of a type F cell with a firing duration of 84 s is shown.
A, Instantaneous frequency (dots) plotted vs. time and the corresponding double exponential
fit: Y = - K{*exp(-t/t1) + K2*exp(-t/12) (continuous line). B, Same data as in A with firing rate
expressed in units of natural logarithm {In Hz), to aid in determining the separation of t1 from 2
(vide infra). The optimal time point (topt) for separation of these data was 3 s. The linear
regression line shown in Bwas fitted to the frequency values att > 3 s. It was used to calculate a
late time constant (t2) of 81 s and an ordinate intercept (antilog), K2, of 45 Hz. C, After
subtraction of the remaining values (i.e., at t < 3 s) from this fit, the residual data points were fitted
with another (steep) regression line, which provided an initial time constant (11) of 1.88 s, and an
ordinate intercept (anti log), K1, of 24 Hz. The equation of the fitted line calculated in this
manner and shown in Awas: Y = - 24*exp(-/1.88) + 45*exp(-/81).
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constants of adaptation (see 3.4.5). 3. The mean time constants of adaptation of singlet
discharge were not significantly different in cells which exhibited doublet discharge and those
that did not (see 3.4.6). 4. Doublet discharge was often sporadic. For these four reasons,
adaptation of doublet discharge was considered to represent a different process to adaptation of
singlet discharge, and doublets were excluded from the calculation of the time constants of late
adaptation for singlet discharge. Time constants of adaptation were compared to motdr-neuron
type (size)-related properties for only the singlet-firing fits.

Use is made subsequently of the term peak firing frequency. This parameter is defined
as the peak value of the double exponential fit for singlet firing. This method for deriving a peak
frequency value was chosen over a single instantaneous measurement to eliminate situations
where such a single-point measurement may have provided an inflated value (i.e. a doublet
interspike interval) that was not a true reflection of the general discharge rate.

Interspike interval distribution and changes in the mean interval Interval histograms (bin
width, 5 ms) were plotted for all cells. In fourteen of thirty-four cells, the interval histograms were
characterized by a predominant single peak (Fig. 21A,8). Interval histograms in the other twenty
cases were characterized by a second peak that represented the doublet discharge (Fig. 21C,D).
In addition, the mean interval (including doublets) was calculated over 1-s epochs and expressed
as mean firing frequency vs, time (Fig. 22A,B). These values were used in the population
ensemble averages used to describe adaptation in the different cell types (Fig. 26). Here it was
considered appropriate to use a measure of firing frequency that included all spikes, since the
emphasis of this comparison was a functional one; i.e. what can each cell type contribute to the
total muscle output at intervals following the onset of a constant excitatory drive.

Relation between neuromechanical properties and discharge characteristics
Correlations were sought between the motor units' neuromechanical properties (axonal

conduction velocity, twitch contraction time, and peak tetanic force) and the motor neurons'
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discharge properties (total number of spikes, peak firing frequency, and time constant of late
adaptation). Firing duration was defined as the period for which the motor unit fired continuously
with a mean frequency > 5 Hz. If the mean frequency fell below 5 Hz in any 1-s epoch once firing
had commenced, repetitive discharge was considered to have ceased (even if it recommenced

later; cf. Kernell & Monster, 1982a).
3.4 RESULTS

3.4.1 Sampling issue

Results were obtained from thirty-four medial gastrocnemius motor units in ten
experiments, with each cell receiving sustained extracellular stimulation for up to 240 s, or until it
ceased firing. Distribution of the neuromechanical properties of the units are summarized in
Table 2. The axonal conduction velocities reported in Table 2 are low compared to previously
published data (cf. Burke, 1968b) obtained with intracellular stimulation. This difference may be
due to increased activation time associated with extracellular stimulation (cf. Gustafsson &
Jankowska, 1976). Note that the relative mean difference between the F- and S cells' values was
similar to that reported when conduction velocity was obtained with intracellular stimulation

(Burke, 1968b).

3.4.2 Threshold for sustained firing: F vs. S cells

The mean (£ S.D.) threshold current for sustained firing for a period 2 2 s was not
significantly different for the F- and S cells (418 £ 207 nA vs. 462 + 234 nA). Corresponding
values for intracellular stimulation have been reported by Kernell & Monster (1981) for motor
neurons of type-identified motor units. These investigators reported significant differences

between the threshold current for repetitive firing for each of the reported cell types (FF, 21 nA;
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FR, 11 nA; S, 6.5 nA). On this basis, it is obvious that to elicit repetitive discharge, extracellular

stimulation required at least 10 x the current required during intracellular stimulation (cf. Table 3).

3.4.3 Firing duration: F vs. S cells and extracellular vs, intracellular activation

Figure 19A,B compares the firing durations for the motor unit sample obtained here (A)
to the motor-unit sample of a previously published intracellular study (B; Kemell & Monster,
1982a). Figure 19A shows the distribution of firing duration for the presently studied motor
neurons, with stimulus strength at 1.25 x the threshold for repetitive firing. A large proportion of
cells (50%) maintained tonic firing throughout the entire 240-s period of extracellular stimulation.
The mean firing duration was 168 + 87 s (n = 34). The corresponding values for motor neurons
activated by intracellular stimulation (Kernell & Monster,1982a) were 128 + 82 s (calculated from
Kernell & Monster 1982a; their Fig. 1A; i.e., assuming that cells in each of their bins fired for the
entire time for that particular bin). The two frequency distributions in Fig. 19A,B were significantly
different. This suggests that extracellular stimulation significantly increased the proportion of
cells capable of 240-s of continuous firing.

The differences in motor-neuron response 1o extracellular- and intracellular stimulation
are revealed in more detail in Fig. 19C,D. It was clear that S cells comprised the majority of those
firing for 240 s of extracellular stimulation (Fig. 19C). The distribution for F cells was more even.
However, it is worth noting that 25% of the F cells were capable of sustained firing for longer than
180 s when stimulated extracellularly. Mean firing duration for the present F- cell sample was 123
+ 88 s vs. 233 + 19 s for the S cells. The data from Kernell & Monster (1982b; their Fig. 3, three
of their data points were indistinguishable due to superimposition) have been redrawn in Fig.
19D in a similar manner to Fig.19C. With intracellular stimulation (Fig. 19D) there was a fairly even
distribution of firing duration for both F- and S cells. The propensity of the S cells to fire for a

relatively longer duration than F cells, which was seen with extracellular stimulation (Fig. 19C), was
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Fig 19. Distributions of total firing duration: extracellular- vs. intracellular stimulation. The upper
two panels compare the corresponding firing duration data for the motor neurons activated with
extracellular (A, present study; n = 34) and intracellular (B, Kernell & Monster, 1982a: n = 31; their
Fig. 1A) stimulation. The two frequency distributions were significantly different (Kolmogorov-
Smirnov test; P < 0.01). C, Distribution of firing duration for the present sample of type-identified
motor neurons activated with extracellular stimulation. Type S cells (stippled; n = 14) comprised
the majority of the cells that exhibited sustained firing for 240 s (12/14 cells fired throughout the
entire test period; all fired for > 150 s). The distribution for type F cells was more uniform (FF,
black, n = 16; FR, cross-hatched, n = 4): 25% fired for > 180 s. D, Analogous data replotted from
Kernell & Monster (1982b; their Fig. 3). The distribution of firing duration for both F- and S cells
was fairly uniform. The distributions for S cells were significantly different in the two studies
(Kolmogorov-Smirnov test; P < 0.001), but there was no significant difference between the iwo
distributions of F cells (P > 0.05).
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not found for intracellular stimulation (Fig. 19D). The distribution of firing duration for S cells using
the two routes of stimulation was significantly different. However, no significant difference in

firing duration was found for the F cells between intracellular vs. extracellular stimulation.

3.4.4 Motor-neuron adaptation: singlet firing

Four general patterns were seen in the spectrum of motor-neuron responses to
extracellular stimulation, and a representative example of each of these is shown in Fig. 204-D.
Two of these firing profiles show singlet-discharging cells and two show patterns in which doublet
firing occurred. These records show the instantaneous (unsmoothed) firing frequency plotted
vs. time for two F cells (Fig. 20A4,C) and two S cells (Fig. 208,0). The double exponential ling-of-
best-fit is also plotted. The initial increase in firing frequency shown in Fig. 20A was a universal -
finding for the singlet-discharge profiles. The initial increase was followed in most cases (32 of
34) by a decline in firing frequency (late adaptation) which developed over the course of
stimulation. However, the remaining two cells (both type S; one of which is shown in Fig. 208)
demonstrated a very slow increase in firing frequency that followed the initial rapid rise in
discharge. These two cells were omitted from any analyses that incorporated t2 since these
would be of opposite sign to the other reported t2s. Of the thirty-four motor neurons studied,
fourteen exhibited singlet-firing patterns consistent with those shown in Fig. 20A,8.

Adaptation in two of the thirty-two celis (i.e., recall that 2 cells showed no adaptation; vide
supra) may have been better described with an equation other than the one used in this study
(i.e., Eq. 1). In one case, the firing frequency rose and fell within the first 50 s of discharge then
fired with a more slowly declining rate throughout the course of stimulation. Discharge rate in the
other cell rose to a near-steady rate within the first 40 s, plateaued, and then slowly declined
between 130 and 175 s at which point firing ceased. However, even in these two cases, the
double-exponential {it was better than that provided by either a linsar- or a single exponential fit.

Additional attempts to fit these responses by other means were considered beyond the scope of
the present work.
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Fig 20. Typical adaptation patterns of single motor neurons firing in response to sustained
extracellular stimulation. The profile of the instantaneous firing frequency vs. time has been fitted
with a double exponential equation. The number (n) of cells exhibiting qualitatively similar
behavior (A - D) is indicated. A, Type F motor neuron (11 =2.2 s, 12 = 197 s). B, Type S motor
neuron (14 = 6.0 5, T2 = -16,656 s; unit showed a slight increase rather than decrease in firing
frequency hence the change in sign for 12). C, Type F motor neuron that exhibited doublet firing
during the first 20 s of stimulation. Both the singlet-firing (lower record in C; 11 = 0.5 5,12 =96 s)
and the doublet-firing (upper record in C, © = 29 s) data points were fitted separately. Note the
break in the Y axis. D, Type S cell whose response also featured doublet firing (singlet firing,
lower record in D, t1 = 0.7 5, T2 = 453 s; doublet firing, upper record in D; t = 501 s; fitted to the
continuous firing portion of the doublet firing). Type F cells generally exhibited more adaptation
than type S cells. Doublet firing (when present) showed more adaptation in F than S cells and had
a faster time constant than the corresponding t2 of singlet discharge (i.e., compare upper and
lower fits in both C and D).
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3.4.5 Motor-neuron adaptation: doublet firing

The firing patterns of the remaining twenty F- and S cells were similar to those already
described, but complicated by the occurrence of doublet-, or even triplet discharges
characterized by short (< 10 ms) interspike intervals (Fig. 20C, D). (Recall that cells were classified
as either doublet- or singlet-firing by the presence or absence of intervals < 10 ms in their
interspike-interval histograms).

For many cells, the doublet discharge was intermittent. In general, it was more likely to be
seen in the initial period of sustained stimulation, as shown for an F cell in Fig. 20C.
Instantaneous frequencies in excess of 200 Hz were reached in this cell, but the doublet
intervals were intermittent, and their rate was clearly different from the far more numerous singlet-
firing spikes generated at frequencies near 20 Hz. In general, the doublet firing was clearly
separated from the lower-frequency, singlet firing with only an occasional spike occurring in the
intermediate frequency range outside of the clusters of points formed by the doublet- and singlet
spikes. The spike-generating process responsible for the doublets exhibited adaptation with a
different time course to that of singlet firing. This supports that argument that doublet- and
singlet-discharge reflect different repetitive, spike-generating processes. For this reason, the
doublet and singlet discharges were considered separately when the time constants of
adaptation were quantitated. For the F cell in Fig. 20C, after 20 s of stimulation, the
instantaneous firing frequency of the doublets declined progressively from 200 Hz to around
110 Hz. In this example, the decline in firing frequency for the doublet discharge was faster then
the decay of singlet firing. Two FF cells showed doublet firing similar to that shown in Fig. 20C.
The other seven F cells (3 FF, 4 FR) displayed non-adaptive- or intermittent doublet firing
behavior that was not amenable to curve fitting.

Figure 20D shows the usual pattern in the S cells (12 of 14) when doublets were

present. In general, S cells demonstrated a considerably greater incidence of doublet firing
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which displayed little adaptation. Peak instantaneous frequencies achieved during doublet firing
for S cells were similar to those in F celis, as shown in Fig. 20C,D. Doublet firing, whether
intermittent or nearly continuous, was more likely to continue throughout the 240-s course of
stimulation for the S cells.

In nine of the twenty-one cells that displayed doublet firing, it was possible to fit a single
time constant to the decline in instantaneous firing for the doublet firing alone. Two of the nine
were F cells. They had time constants for doublet discharge of 29.1 s and 10.3 s. In the seven

remaining cells (all type S), the mean time constant of the doublet firing was 1560 + 1306 s.

3.4.6 Singlel- vs, doublet firing issues

The cells' interspike interval histograms were grouped on the basis of the presence or
absence of doublet discharge. Several analyses were performed to determine whether the
presence of doublet discharge affected the singlet-discharge component of the cells' firing
patterns. Individual histograms from each of the doublet-discharging cells were summed to
produce a population interspike interval histogram for the F- and S cells. Similar histograms were
produced for the singlet discharging cells in both the F- and S cell populations. These
population histograms are shown in Fig. 21 in order to illustrate the relative incidence of doublet
spikes. The histogram for the population of singlet-firing type F cells is shown in Fig. 21 A. Figure
21B shows the histogram for the population of singlet-firing type S cells. Population histograms
are shown for the F cells that fired with doublet discharges (Fig. 21C) and the S cells which
exhibited doublet discharges (Fig. 21D). Note that for cells in which doublet discharge was
observed, the doublet peaks (Fig. 21C,D) comprised 6.2% and 31.8% of the total intervals for F-
and S-cell populations, respectively. However, it should be pointed out that in some of the S
cells that displayed doublet firing, the relative incidence of doublets was noteworthy, but still a far

lesser number that that of singlet intervals. Also note that the mean intervals for the singlet
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Fig 21. Interspike interval histograms for singlet- and singlet plus doublet-discharging cells:

F- vs. Scells.



Fig 21. Interspike interval histograms for singlet- and singlet plus doublet-discharging cells: F-
vs. S cells. A-B, Interval histograms for the singlet discharging F (A) and S (B) cells. C-D, Interval
histograms for F (C) and S (B) cells that displayed doublet discharge. The doublet peak (< 10
ms) for the type F cells was a small component (6.2%) of the total number of spikes in this
population. For the type S cells, the doublet peak was considerably larger, 31.8% of the total
spike count. E-F, Entire population of F (E) and S (F) cells (i.e. combinations of the singlet and
doublet firing cells). The number of cells (n) comprising each population histogram is indicated

on each plot.
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discharge of F- and S cells were similar ir the presence or absence of doublet firing (i.e., Fig. 21;
Avs. C; Bvs. D). The histogram shown in Fig. 21 E included intervals from all the F cells (i.e. the A
+ C histograms of Fig. 21). Note the relatively small contribution (3.7%) that the doublets made to
the entire population of intervals for F cells. Figure 21F shows the corresponding interval
histogram for all the S cells (i.e. B + D histograms in Fig. 21). Here, the relative contribution of
doublets to the entire population of intervals was considerably more than in F-cell case, being
26.4% of the total number of intervals.

To investigate whether late adaptation of singlet discharge was complicated by doublet
discharges, a comparison was made of the 12 values for F- and S cells displaying singlet
discharge alone vs. those displaying both singlet- and doublet discharges. The mean 12 value
for.singlet-discharging type F cells was not significantly different from that for the type F cells that -
showed singlet- and doublet firing (94 + 85 s, n =11 vs. 175 £ 99 5, n = 9; see Table 3). The only
S cell that showed a singlet discharge pattern and late adaptation had a tg value of 650 s
compared to a mean of 759 + 421 s for the eleven S cells that displayed both singlet and doublet
fiing. On the basis of these findings, it was concluded that the presence of doublets did not
significantly influence the late adaptation of singlet discharge. It was therefore considered
acceptable to pool the 12 values for singlet discharge of the cells that displayed both singlet- and

singlet plus doublet-discharge. The 12 analyses presented below were limited to the singlet

discharge.

3.4.7 Motor-neuron firing; F vs. S cells

In Fig. 22A,B , the mean firing frequency (inverse of mean interspike interval averaged
over 1-s bins; including doublets) is plotted against time for an F- and an S cell. The F cell's mean
firing frequency decayed steadily after the peak firing frequency was attained. In contrast, the S

cell produced a high frequency in the first few seconds, primarily due to doublet discharge. The
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Fig 22. Profile of mean firing frequency and associated interspike interval histograms: F- vs. S
cells. A -B, Firing frequency was averaged in 1 s bins and plotted vs. time for a typical F (A) and S
(B) cell. Note the small peak in firing frequency in B that corresponds to a brief period of doublet
discharges that raised the mean firing frequency to a level above the near-constant rate displayed
by this cell after 20 s. Typically, the profile of adaptation was different for F and S cells. C, The
majority of intervals for the F cell were between 25 and 70 ms, i.e., & firing frequency range of 14 -
40 Hz. D, In contrast, the interval range for the S cell was more compressed (majority between 50
and 65 ms; firing frequency 15 - 20 Hz.
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frequency rapidly declined (as doublets became less frequent), and then remained nearly
constant for the remainder of the 240-s stimulation period.

Figure 22C,D show the distribution of intervals for the total firing time of the same two
cells shown in Fig. 22A,B. The intervals are distributed near 50 ms for the F celi (Fig. 22A), and
near 60 ms for the S cell (Fig. 228). Note that both distributions are more restricted than those for

the full F- and S-cell samples, as presented in Fig. 21E,F.

3.4.8 Firing-rate propedties: F- vs, S cells

Use of a double-exponential fit to describe the time course of the firing-rate response to
sustained activation, provided a means of presenting, for the first time, quantitative values of
several firing-rate properties, as shown in Table 3. Three of the properties presented in this table
are of biophysical rather than physiological interest; i.e., the threshold current for sustained firing,
the time to reach peak firing frequency, and its time constant (t4). They reflect events associated
with the extracellular activation of nerve cells in a non-homogenous volume conductor (i.e., the
mammalian spinal cord; cf. Ranck, 1975). One property, initial firing frequency, would belong with
the first three also were it not for an intriguing physiological implication (vide infra). Two of the
remaining three properties in Table 3, the peak firing frequency, and the time constant of late
adaptation (t2) have both biophysical and physiological implications (cf. Burke & Rudomin, 1977,
their Table 1), the latter particularly in relation to Henneman's (1957; 1977) Size Principle (see, for
example, several Chapters in Binder & Mendell, 1990; in particular, those of Kernell & Rall). To
emphasize these various points, each measurement in Table 3 is briefly discussed below in
relation to previous literature on allied measurements.

The threshold current for sustained firing As stated above, the mean magnitude of the
current required to provoke sustained firing in the cells for > 2 s was not significantly different for

F- and S cells (418 £ 207 nA vs. 462 + 234 nA). Recall that the analyzed cells were those that
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exhibited sustained firing for 2 10 s, when the stimulus current was at 1.25 x the threshold for
sustained firing. This finding was surprising given that previous work has shown that the surface
area of the soma and dendrites of these two cell types differ significantly (Ulflake & Kellerth,
1982), S cells being smaller, and with a significantly lower rheobase (Fleshman, Munson, Sypert
& Friedman, 1981). However, using our extracellular technique, it was not possible to control for
the exact distance between the electrode tip and the cell, a factor that could possibly account for
some of the differences.

The time to peak firing The mean time required to reach peak firing frequency was
significantly shorter for the F- as compared to the S cells (7.0 5.0 s vs. 14.3+ 13.6 s). This may
simply reflect the shorter 12 values of the F cells population, since the time to peak will be
influenced by both t¢1 and 12.

The time constant for accelerated firing (t1) The mean time constant value for the initial
increase in firing frequency (t1) was not significantly different for the F- and S cells (2.5t 2.1 s vs.
3.7 + 4.4), as if to suggest that the time-to-peak-firing difference, while significant, was not a
striking one.

Consideration of the three properties described above suggests that the extracellular
route of cell activation exerted relatively similar effects on the two cell types. This similarity is not
surprising, because, unlike intracellular electrode positioning, where the electrode tip is usually in
the cell soma or base of one of the proximal dendrites (Hubbard, Llinds & Quastel, 1969;
Gustafsson & Jankowska, 1976), and, as such, relatively close (ca.10 - 50 um) to the cell's axon
hillock (the trigger zone for firing), the presently used extracellular positioning technique (see
3.3.3 above) did not provide such precise location. It is likely that small variations in the electrode
tip's position in the present study obscured true differences in the F- and S cells’ responsiveness
to extracellularly applied current. This remains to be determined, of course. However, in spite of

this presumed limitation, the extracellular route of cell activation provided valuable information on
the remaining firing-rate properties studied, as presented below.
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TABLE 3. Firing-rate propenties of the motor-neuron sample

Motor-neuron type FF FR F S
Sample size (n) 16 4 20 12

Threshold current for ~ 384+ 179 553+ 285 418 + 207 462 + 234
repetitive firing (nA) (130-830)  (150-760)  (130-830) (120-1000)

Initial firing 171+7.01 160+6.32 169+673 9.6+2.21.23
frequency (Hz) (4.0-28.0) (10.0-24.0) (4.0-28.0) (7.0-16.0)
Time to peak firing (s) 76+5.3 41+14 70+50s6 143+13.6s6
(1.9-17.9) (2.7-6) (1.9-17.9) (5.0-52.4)
Peak firing frequency  28.3+7.31 27.2+1052 28.0+7.73 156+25123
(Hz) 14.1-40.7 18.2-41.8 14.1-41.8 11.0-19.6
Time constant of 28+23 14+£04 25+21 37t44
first exponential fit (0.5-8.0) (1.0-2.0) (0.5-8.0) (0.7-16.7)
11 (8)
Time constantof  137.4 + 92,64 103.9 + 130.7 + 98.46 750.0 +
second exponential fit (17.4-302.8) 131.35 (17.4-302.8) 402.44.5.6
72 (S) (27.6-299.6) (160.5-1530.6)

Values are mean = S.D. (range). The sample includes all thirty-two motor neurons that fired
repetitively for > 10 s in response to sustained extracellular current and displayed late adaptation
(i.e., had a positive T2 value). Two S units did not display any late adaptation and were not
included in the values reported in this table. The 11 values obtained from double exponential fits
of the total. Superscript numbers indicate significant differences between the various cell
groups: IFF > S, 2FR > S, 3F > S4FF < S, 5FR < S, 6F < S.
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The initial firing frequency This value was obtained from the Y intercept of the exponential
fit. The mea}l value differed significantly for the F- and S cells (16.9 £ 6.7 Hz vs. 9.6 + 2.4 Hz).
Thus, stimulating currents of relatively similar strength produced initial firing frequencies in F cells
that were nearly double those in S cells when set at 1.25 x the threshold for sustained firing. It
could be argued that this finding has no physiological meaning because initial firing frequency
could just as well have been included with the properties described above: i.e., properties of
biophysical rather than physiological relevance. However, the result is of interest in comparison
to a previous study in which cells were activated intracellularly 5 nA above their threshold for
repetitive firing where a similar difference in initial firing rate (measured at 2 s after current onset)
was observed for the two cell types (Kemell & Monster, 1982b; their Fig. 4).

The peak firing frequency This value (in Table 3) was obtained from the peak of the double
exponential fit. Its mean value also differed significantly for the F- and S cells (28.0 + 7.7 Hz vs.
15.6 £ 2.5 Hz). As with the initial-value difference, the F cells fired, on average, almost twice as
fast as the S cells to extraceliular stimulation of comparable strength. Interestingly, the ranges of
the peak firing frequency values in Table 3 for F- and S cells (14 - 42 Hz and 11 - 20 Hz,
respectively) span the range in the Kernell & Monster (1982a,b) study, using the intracellular
route of stimulation. In their study, stimulus strength was set at 5 or 10 nA above the threshold
for rhythmic firing (absolute threshold values for such firing were not provided in that study; cf.,
however, Kernell & Monster, 1981). Their peak firing-frequency ranges, 2 s after stimulus onset
(i.e. after the abatement of initial adaptation; for details, see Kemell & Monster, 1982a), were 23 -
50 Hz and 11 - 30 Hz for stimulation that was 5 nA and 10 nA above threshold, respectively
(Kernell & Monster, 1982a; their Fig. 7). For stimulation at 5 nA above threshold, they obtained
ranges of 18 - 33 Hz and 11 - 22 Hz for F- and S cells, respectively (Kernell & Monster, 1982b;

their Fig. 4). These data suggest that the present use of an extracellular stimulus strength set at
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1.25 x the threshold for sustained firing provided a strength of activation quite similar to an
intracellular setting of 5 nA above the same threshold.

The time constant of late adaptation The 12 values of Table 3 are thought to quantify late
adaptation because the profiles of the firing frequency drops are so similar to those reported
previously by Kernell and Monster (1982a,b) when using intracellular stimulation to activate the
cells. For the present sample, the mean 12 value was significantly different for F- and S cells
(130.7 £ 98.4 s vs. 750.0 + 402.4 s). The mean magnitude of this difference (5.7 x) is the largest
reported to date for a biophysical and/or physiological property of F vs. S motoneurons (cf. Burke
& Rudomin, 1977; Stuart & Enoka, 1983). This allows the prediction that T2 will prove particularly
useful in subsequent attempts to unravel the cellular mechanisms underlying the differences in
the biophysical and physiological properties of these two cell types (cf. Gustafsson & Pinter, -
1985).

In summary on Table 3, the present study has provided data on several firing-rate
properties of motor neurons that contribute to the continuing investigation of mechanisms
underlying the differences in the functional behavior of F- and S cells (for review: Burke &
Rudomin, 1977; Burke, 1981; Stuart & Enoka, 1983; Gustafsson & Pinter, 1985). Most of the
previous work addressed passive properties of motor neurons (i.e., mechanisms underlying
resting potentials, EPSPs and IPSPs), whereas the present work expands on that of Kernell &

Monster (1982a,b) by adding information on the properties of actively firing cells.

3.4.9 Eiring rate effects on late adaptation

The adaptive properties of motor neurons has been previously quantified by measuring
the drop in firing frequency from the 2nd s to the 26th s of firing (1-s averages; Kernell & Monster,
1982a,b). Inthe present study, peak firing frequency was considered analogous to the Kernell &

Monster (1982b) measure of firing frequency at 2 s (vide supra). It could be argued that the
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present data could have been analyzed in a manner entirely identical to that of Kernell & Monster
(1982a,b; i.e., mean firing frequencies averaged over 1-s epochs). However, the present
strategy was 1o restrict this component of the analysis to singlet discharge, because there was no
mention of doublet discharges in the Kernell & Monster (1982a,b) work. Furthermore, if we had
included doublet discharges in the analysis, the present conclusions would have been
strengthened rather than weakened.

Figure 23A is data replotted from the intracellular work of Kernell & Monster (1982b). It
shows a correlation between the firing frequency at 2 s and the drop in firing frequency between
the 2nd and 26th s of discharge. Similar results obtained in the present extracellular study are
shown in Fig. 23B. Here, as in Fig. 23A, there was a significant relationship between the peak
firing frequency and the drop in firing frequency measured 24 s after the peak.

Figure 23C shows the significant association between peak firing frequency and the
drop in firing frequency 58 s later (present study). The correlation was tighter in Fig. 23C
compared to Fig. 23B (r = 0.60 vs. 0.75), probably due to the exclusion of four neurons in the
latter correlation because they failed to fire for 60 s. The significant correlations reported in Fig.
23B and C were not present when the F- and S cells were considered separately.

A significant negative correlation was found in Fig. 23D between the peak firing
frequency and the time constant for late adaptation (t2). When the individual populations of F-
and S cells were considered separately, no significant associations were found.

In summary, the present work confirms the previous finding of Kernell & Monster (1982a)
that the magnitude of late adaptation is strongly correlated to the firing frequency at the onset of

the late-adaptation process.
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Fig 23. Effect of peak firing frequency on late adaptation. A, Data from Kernell & Monster (1982b)
replotted to show mean firing frequency in the 2nd s of intracellular current injection vs. the
change in mean frequency at 26 s. There was a significant correlation between the firing rate at 2
s and the extent of adaptation (r = 0.92, n = 23, P < 0.001). Significant correlations were also
found for the S cells alone (r = 0.79, n =9, P < 0.05) and for the F cells alone (r=0.78, n = 14, P <
0.05). B- D, Significant correlations among the present data. B, Peak firing frequency (PFF) vs.
the change in frequency 24 s after peak (as measured from the fitted double exponential curve; r
= 0.63, n = 30, P < 0.001). C, PFF vs. the change in rate 58 s after peak (r = 0.75,n = 26, P <
0.001). In both B and C, significant correlations were obtained when the population of cells was
considered as a whole and not within individual cell types. D, PFF vs.t2 (r=-057,n=32,P <
0.001). Regardless of the method used to quantify late adaptation (B - D), there were significant
correlations between the PFF and the magnitude of the adaptation, similar in many respects to the
Lesults gbtained with intracellular current injection (A). Symbols for A - D: FF = crosses, FR = filled
oxes, S = circles.
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3.4.10 Predi { motor- firing. duri tained activati
The number of spikes produced during the sustained activation period were correlated

with three other motor-neuron/motor-unit parameters: peak firing frequency, late adaptation (t2),

and twitch contraction time.

In this and the subsequent chapter, the described active motor-neuron properties, peak
firing frequency and the magnitude of late (present study) and between-train (Chapter 4)
adaptation, are plotted on the y-axis, with their other type (size)-related properties of the motor
units, axonal conduction velocity, twitch contraction time, and peak tetanic force, plotted on the
x-axis. This presentation was adopted for ease of data-presentation and it was not meant to imply
that the newly described motor-neuron propenties are causally dependent on the motor-unit
properties.

A significant negative correlation was found for the entire population of cells between
peak firing frequency and the number of spikes produced during a sustained activation period
(Fig. 24A). No such relationship was observed for the F- and S cell populations when considered
separately.

Late adaptation, quantified by the T2 measurement, was significantly correlated with the
number of spikes produced during sustained stimulation (Fig. 24B8). This relationship also held
when the F cells were considered alone. The slope of this regression line was much steeper for
the F cells, as compared to the regression for the entire population, Figure 24B shows the
relatively high gain between the number of spikes and t2 for the F cells. [n addition, the
associations shown in Fig. 248 were tighter for the F cells (r = 0.84), as compared to that reported
for the population (r = 0.60).

Motor-unit twitch contraction time was significantly correlated with the number of spikes
when the neurons were considered as a population (Fig. 24C). In general, F cells tended to
produce less spikes than S cells; many F cells gave < 2000 total spikes in response to 240 s of
sustained extracellular stimulation, while all S cells were capable of > 2000 spikes. These

differences were undoubtedly due to the shorter firing durations exhibited by the F cells.

Nevertheless, it is clear from Fig. 24C that a substantial number of F cells were capable of
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Fig 24. Significant associations between several motor-unit properties and the total number of
motor-neuron spikes produced during 240 s of sustained extracellular activation.




Fig 24. Significant associations between several motor-unit properties and the total number of
motor-neuron spikes produced during 240 s of sustained extracellular activation. A, Peak firing
frequency vs. number of spikes (r = -0.33, n = 34, P < 0.05). B, 12 vs. number of spikes shown for
the entire population of motor neurons (thin line; r = 0.60, n = 32, P < 0.001), and the F cells (thick
line: r= 0.84, n =20, P < 0.05). There was no significant association for the S cells alone (r = 0.18,
n=12, P> 0.05). C, Motor-unit twitch contraction time vs. number of spikes (r = 0.53,n =34, P <
0.001). Symbols for A - D: FF = crosses, FR = filled boxes, S = circles.
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producing a similar number of total spikes as S cells (range 2000-6000) following 240 s of

stimulation.

3.4.11 Size-Principle issues

The relationship between various motor-unit type (size)-related measurements and firing-
rate parahetem are shown in Fig. 25. Significant correlations were found for the full population of
cells (i.e., F + S) between axonal conduction velocity and t2 (Fig. 25A, upper panel), and
between conduction velocity and peak firing frequency (Fig. 25A, lower panel, thick line). There
was also a significant correlation between conduction velocity and peak firing frequency for the S
cells alone (Fig. 25A, lower panel, thin line).

Significant correlations were found between motor-unit twitch contraction time and 12
(Fig. 25B; upper panel), and between contraction time and peak firing frequency (Fig. 258, lower
panel). Contraction time was also siénificantly correlated with 12 for the S cells alone. This
regression line (n = 12; r = 0.75) was nearly identical to that reported for the full population, and
for this reason, was omitted from Fig. 258 (upper panel).

Peak tetanic force was inversely related to 12 (Fig. 25C, upper panel) and positively
correlated with peak firing frequency (Fig. 25C, lower panel) when the entire population was
considered. However, these correlations were not present when the individual cell types were
considered separately.

Of the three motor-unit parameters significantly associated with T2, contraction time
appeared to be the best predictor (Fig. 258, upper panel). Peak firing frequency showed similar

correlations regardless of the motor-unit parameter with which it was compared.
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Fig 25. Significant associations between size-related properties and motor-neuron firing characteristics.



Fig 25. Significant associations between size-related properties and motor-neuron firing
characteristics. A (upper panel), Axonal conduction velocity (CV) vs. 2. the time constant for late
adaptation (n =32, r=-0.48, P < 0.01). A (lower panel), CV vs. peak tiring frequency, PFF (n =
34,r =0.62, P < 0.001). The lower regression line is for S cells when considered separately (n =
14, r=0.73, P < 0.005). B (upper panel), Twitch contraction time (CT) vs. time constant for late
adaptation (t2; n = 32, r = 0.87, P < 0.001). The regression line was quite similar to that for the S
cells when they were considered separately (n = 12, r = 0.75, P < 0.05). B (lower panel), CT vs.
peak firing frequency (PFF) (n = 34, r = -0.69, P < 0.001). C (upper panel), Peak tetanic force (F)
vs. 12 (n =32, r=-0.48, P < 0.005). C (lowerpanel), F vs. PFF (n =34, r=0.58, P < 0.001). Note
that both PFF and 12 showed significant relationships to the size-related properties: conduction
velocity, twitch contraction time, and peak tetanic force. Symbols for: FF = crosses, FR = filled
boxes, S = circles.
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3.4.12 Population adaptation responses: F- vs, S cells

Based on the late-adaptation (t2) measurements reported in this Chapter, it is clear that
the F cells exhibited more adaptation during sustained activation than did the S cells. In order to
provide a graphic illustration of the difference, a population procedure was adopted. The mean
firing frequency (i.e. inverse of the mean interval, including doublets) for each motor neuron was
calculated over 1-s epochs for its entire firing duration. The motor neurons were grouped
according to type (F or S), and the mean firing frequencies of all motor neurons of a particular type
were summed for each 1-s epoch. This value was divided by the number of motor neurons in
each sample (20 F, 14 S). This procedure provided the ensemble mean firing frequency of the
"average" F- and S cell for each second of the 240-s period of stimulation. Some cells ceased
tiring before the end of the test, of course. (n this case, they contributed no spikes to the
summed frequency for each subsequent epoch, and the ensemble average was still normalized
to the original number of units. The result of this procedure is shown in Fig. 26. The average
response of the F cells (thin line) increased from 22 to 31 Hz in the first 5 s of firing. From this
point, the average showed a much more rapid decay than the S- cell average, reducing to 2 Hz at
234 s following the onset of firing. In contrast, the average for the S cells (thick line) increased
from 12 Hz at the onset of firing to a peak of 22.5 Hz at 10 s, followed by a slow decay, still being
17 Hz at the end of the stimulation period, 234 s later. The mean frequency of the F-cell average
was significantly greater than that for the S cells in the period between 2- and 10 s following the
onset of firing. The mean F- cell frequency became significantly less than that for the S cells after
58 s of activity and stayed significantly less for the remainder of the stimulation period.

The increased susceptibility of the F cells to adaptation could be quantified from the Fig.
26 analysis. Over the 240 s of stimulation, the normalized contribution of the F cells declined
from a peak of 31 Hz/motor neuron to 2 Hz/motor neuron, a 94% reduction in the ensemble firing

frequency. In other words, the F motor-unit population could only make approximately 6% of its
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peak contribution to total muscle force after 240 s of continuous activation with a constant
excitatory command (disregarding frequency/force nonlinearities and the effects of contractile
fatigue which would reduce this contribution even further). In contrast, the S motor-neuron
population was much less affected; the reduction in ensemble frequency from the peak was just
24% during the course of the 240 s of stimulation.

Another way to view the contribution of each cell type is to consider the total number of
spikes provided by each type at a time following the onset of spiking. This can be assessed by
integrating the population mean firing frequency curves in Fig. 26. It is apparent that beyond
approximately 60 s of spiking the total number of spikes produced by the average S cells

exceeded those produced by the average F cell.

3.5 DISCUSSION

This study is the first to investigate late adaptation in cat spinal motor neurons using
extracellular stimulation. The results confirm the existence of late adaptation in these neurons
during sustained activation, and quantitate its magnitude. This quantitation is for a phenomenon
which is an intrinsic cell property. It will remain for future studies to determine how the intrinsic
adaptive properties of F- and S cells are modified by extrinsic (synaptic-input) influences (cf.
Chapter 5).

The present results are considered unique because they were obtained using
extracellular- rather than intracellular stimulation, thereby potentially reducing the possibility of
impalement-induced injury. Previous studies limited the quantitation of late adaptation to the first
26 s of discharge whereas, in the present study the data has been fitted to an exponential
function, which described the full time course of adaptation over a 240-s period of sustained

stimulation.
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Fig 26. Population average responses to sustained extracellular stimulation: F- vs. S cells.
Shown are the mean firing frequency (calculated over 1 s epochs) plotted against time for F (thin
line; n = 20) and S (thick line; n = 14) cell populations. For each unit contributing to the average,
time is referenced from the onset of spiking in that unit. The record is truncated at 234 s, which
corresponds to the minimum period of stimulation received by all motor neurons following the
onset of their firing. The mean 1 s values for the two sets of data were significantly different from 2
- 10 s (P < 0.05; unpaired t-test;) and from 59 s to the end of the stimulation period (unpaired t-
test; P < 0.05). Note that the F-cell population showed considerably more adaptation than the S-
cell population.
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The late adaptation observed in the present study was qualitatively similar to that found
previously with intracellular stimulation, in énother laboratory (Kernell & Monster, 1982a,b).
However, the early-response profiles were markedly different when using extracellular
stimulation. The initial (several seconds) response to extracellular stimulation was characterized
by an increase In firing frequency. In contrast, during intracellular stimulation, there was an initial
decline in firing frequency (see, for example, Kernell & Monster, 1982a,b; discussed in more
detail in 3.5.2).

The enhanced firing durations obtained under extracellular stimulating conditions
enabled us to perform a correlation of active (firing-rate) properties of the tested cells with the
neuromechanical properties of these cells and their motor units (i.e. axonal conducti?n velocity,
twitch contraction time and peak tetanic force), possibly relatively uncompromised by the effects .
of cell damage. Before discussing the results in detall, it is appropriate to briefly compare the

mechanisms of activation of the cell with extracellular- and intracellular techniques.

3.5.1 Mechanisms of motor-neuron activation: extra- v, intracellular activation

Activating motor neurons with depolarizing currents using intracellular microelectrodes
has long been the conventional method for studying the generation of either single- or repetitive
discharge (Eccles, 1963; Burke & Rudomin, 1977; Zhang & Krnjevic, 1987a,b). Intracellular
microelectrodes have been used even more extensively in the study of passive cell properties
(e.g., resting membrane properties, EPSPs, IPSPs) and the threshold conditions for a single
action potential, a transitional (passive-to-active) property according to this laboratory's
terminology. Intracellular current injection has been used as a substitute for synaptic current
because injected current is more amenable to quantification and control by the experimenter. It
has been demonstrated in the anesthetized cat that injected and synaptic current produce a shift

in the stimulus current-firing frequency relationship without altering the slope (gain) of the
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relationship (Granit, Kernell & Lamarre 1966a,b; Kernell 1969; however, cf. Hounsgaard,
Hultborn, Jespersen & Kiehn,1988a, their Fig. 7D; Brownstone, 1989 his Figs. 12 - 14). This
observation suggests that the two inputs sum algebraically and are functionally equivalent.
Interestingly, similar summation was observed between synaptic current and extracellular
stimulation in a far earlier classical study on frog motor neurons (Barron & Matthews, 1938).

An actioh potential is initiated by altering the transmembrane potential to a sufficient
degree to depolarize the cell to its threshold for firing. The current needed to produce this
depolarization may be from an intracellular microelectrode, synaptic events, or extracellular
stimulation, depending on the experimental paradigm. In the present study, extracellular
stimulation was chosen over the more traditional intracellular technique because it was thought
that extracellular stimulation reduces the possibility of impalement-induced injury associated with
the use of intracellular microelectrodes (Kernell, 1965a; Kernell & Monster, 1982b; Schwindt,
1973; Schwindt & Crill, 1982). Several authors have used extracellular stimulation to elicit single,
as well as repetitive discharges in motor neurons (Barron & Matthews, 1938; Gustafsson &
Jankowska, 1976; for review of the biophysics of extracellular stimulation, see Ranck, 1975,
1979). Most germane to the present work is a report of Gustafsson & Jankowska (1976). They
investigated the qualitative similarities between intracellular and extracellular motor-neuron
stimulation, albeit for single, action-potential generation. They concluded that "... the effects of
the extracellular stimuli are exerted primarily via spread of current to the initial segment of the axon
and its depolarization” (i.e., the same mechanism as occurs during intracellular stimulation). Their
results provided the key incentive for developing the presently used extracellular-stimulation

technique.
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The initial slow increase in firing frequency to a step change in depolarizing current

reported in the present study has not been observed previously during stiml‘xlation of motor
neurons in the anesthetized cat. Previous experiments on motor neurons from anesthetized
(intact or spinal) cats have shown that during intracellular stimulation with square current pulses,
the initial discharge frequency is high and then very rapidly decreases to a lower firing rate after
the first few spikes (i.e., initial adaptation; Granit et al. 1963; Kernell, 1965a; Baldissera &
Gustafsson, 1974). This classical initial adaptation following a step change in current was also
observed in the plateau potentials of decerebrate cats where the prolongation of the first few
interspike intervals was followed by an increase in discharge frequency (Hounsgaard ef al. 1988a;
see 3.5.4). All previous reports on initial adaptation have come from intracellular studies, whereas
the present results were obtained using extracellular stimulation. It would appear that the
extracellular technique precludes study of initial adaptation, by virtue of the time-course of the
delivery of the excitatory current to the cells under these conditions.

Our best attempt to explain the slow increase in discharge frequency seen for all cells
with extracellular stimulation is that some time is required to charge the capacitance of the
extracellular tissue (which includes glial cells, and other neurons), before the entire magnitude of
the stimulus becomes available to the test cell (cf. Ranck, 1979). It must be conceded, however,
that the time course observed appears to be too slow for capacitance to account for the entire
delay seen with this method of activation. In addition, the variable distance between the
electrode and the test cells may evoke an unknown interaction between the stimulus and the

spike-generating mechanism of the cell.

Extrinsic (i.e. synaptic) effects evoked by the sustained extracellular stimulation was
not considered to be of relevance in this study, because the dorsal roots were cut and the
animal was deeply anesthetized. Influence from direct stimulation of interneuronal
components was also assumed to be of little consequence since the somata of most
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interneurons lie outside spinal lamina IX, the area in which we stimulated our test cells.
Furthermore, it has never been demonstrated, to our knowledge, that axons would be
activated in a repetitively discharging manner during the application of sustained depolarizing
current (for review: Aidley, 1989). Anotheér issue is the number of motor neurons that could
possibly be activated with the extracellular technique, and the possibility that their activation
might lead to effects on the test cell via the Renshaw cell pathway. We did not assess whether
motor neurons in other muscles were being activated during our test, however, based on
estimates of cell density (1 - 2 cells per 100 um3; see 6.1.3), the careful positioning of the
microelectrode near the site of lowest threshold for each test cell, and the relatively low-
amplitude currents used in the study, it seems unlikely that we activated many, if any, additional
motor neurons. We concede that one or two additional cells may have been activated, but it is
very unlikely that their activity could have resulted in a significant influence onto our test cell
because the combined Renshaw cell influence as a result of activity in a few motor neurons
would be insufficient to cause any substantial change in membrane potential in the test motor
neuron, particularly in the deeply-anesthetized barbiturate animal (Hamm, Sasaki, Stuart,
Windhorst & Yuan, 1987). Another possibility to be considered is primary afferent
depolarization (PAD). In the barbiturate-anesthetized cat, about 50 pA of current (pulse width
0.1 ms) is required to depolarize the terminal arborizations of single afferents to the point that a
single action potential is propagated antidromically along the axon (e.g., Willis, Nunez &
Rudomin, 1976). Repetitive firing during a sustained current pulse cannot be evoked by this
route (W.D. Willis, personal communication). It is conceivable that some transmitter could be
released from presynaptic terminals in response to sustained stimulation at current strengths
used in the present study (<1 pA), but again, the release would be transitory, and limited to the
arborizations of but a few axons.

353 i it ion: v liular stimulati

When sustained extracellular- rather than intracellular current was used to activate motor
neurons, a greater proportion of the cells were able to discharge for the entire 240-s period of
stimulation (Fig. 19). The main difference between the intra- and extracellular techniques was
found in the S cells, which were much more likely to fire for longer periods during extracellular
stimulation. It is likely that this finding is related to cell damage following electrode penetration
(vide supra). It is reasonable to expect that S cells with their slightly smaller soma diameter (for
review: Stuart & Enoka, 1983) are more susceptible to deleterious effects of electrode
penetration than are the larger F cells. 1t is probable that the expected superior capacity of S cells
for sustained firing was obscured in the intracellular studies of Kernell & Monster (1982a,b)
because of the greater susceptibility of this cell type to impalement-induced damage.

In the present study, the extent of adaptation was quantified by two separate methods.

The first method provided a time constant (t2) of late adaptation. It was obtained by fitting the
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instantaneous firing frequency plots with a double-exponential equation. This method is more
rigorous than either of the two methods described below in that the double-exponential fit
provided the parameters that described the entire profile of singlet firing rather than describing
only the discharge occurring between arbitrary time points in the record. (Doublet firing was also
fitted to a single exponential equation but these results were not emphasized in the present
study; see 3.3.5).

The second method measured the drop in firing frequency from the peak of the double
exponential fitted curve (cf. Fig. 18) to a value 24 s later. This measure was analogous to the drop
in mean frequency between the 2nd s and 26th s of firing, as reported by Kernell & Monster
(1982a,b) for intracellular stimulation. These indices of the drop in firing frequency were neariy
identical in both studies (see Fig. 23A,B) although the technical aspects of the two experiments
differed significantly. In the sustained intracellular-stimulation study of Kernell & Monster
(1982a,b), cells were stimulated at 5 nA above rhythmic threshold regardiess of unit type. Inthe
present sustained extracellular-stimulation study, celis were stimulated at 1.25 x the threshold for
repetitive firing. However, absolute values of the firing frequency at 2 s (intracellular) and the
mean peak firing frequency (extracellular) were very similar in the two studies. Although the initial
adaptation profiles differed in direction (intracellular decreasing vs. extracellular increasing; vide
supra), the late adaptation was qualitatively and quantitatively very similar for intra- and

extracellular stimulation.

A striking feature of this work was that although the mean values of stimulus strength (at

1.25 x the threshold for sustained firing for 2 s) were similar for F- and S cells (418 = 207 nA vs.

462 + 243 nA; an insignificant ditference), the F cells fired at almost double the rate of S cells,
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both at the onset of firing (i.e., initial firing frequencies shown in Table 3; F, 16.9 + 6.7 Hz vs. S,
9.6 £ 2.2 Hz) and at the time of their peak firing (Table 3; F, 28.0 £+ 7.7 Hz vs. S, 15.6 + 2.5 Hz).
This pronounced difference in firing-rate behavior for the two celt types immediately prompts two
interrelated questions. 1. Can this finding, obtained with extracellular stimulation, be explained
on the basis of previous work, which used intracellular stimulation? 2. Does the present finding
give any additional insight into factors regulating firing-rate behavior above and beyond what is
already known about the stimulus current-firing frequency (I-f) relation of motor neurons in
general, and F- vs. S cells in particular?

To answer these questions, the present results were again compared to results from
Kernell's laboratory. However, in this case, the comparison spans the full body of his work on the
functional properties of motor neurons (for a selected ad seriatim review: Kernell, 1965a,b,c;

Kernell & Monster, 1982a,b; Kernell, 1983, 1984; Kernell & Hultborn, 1990).

There is a much more substantial literature on motor neurons’ I-f relation than that
provided by Kernell, of course (for review: Stuart & Enoka, 1983; Binder & Mendell, 1990).
However, this relationship is strongly influenced by the cell's amount of afterhyperpolarization
(e.g., Kernell, 1965¢; Gustafsson, 1974). This property and the firing threshold for single spikes
and repetitive firing are all strongly influenced by the presence or absence of anesthesia, the
level of spinal-cord excitability, and the experimental paradigm (for a selected review: Stuart &
Enoka, 1983). For this reason, the questions posed above are discussed below largely in
relation to the previous work of Kernell.

In responding to the questions posed above, it is assumed that the cells studied in the
present work were within their primary range of firing (i.e. < 50 Hz) in which there is a linear relation
between the strength of intracellular stimulation and the cell's firing frequency (Kernell, 1983; his
Fig. 1).

Background information: extra- vs. intracellular activation The rheobase values for F- and
S cells are quite different (e.g. Zengel et al., 1985: FF, 21.3+ 0.5 nA; FR,12.0+£ 0.4 nA; S$,5.0 +
0.3 nA) and are considered to be reasonably reliable predictors of cell size (for selected review:

Stuart & Enoka, 1983; see also Discussion in Chapter 4). Since the threshold for repetitive firing
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during intracellular stimulation is, in general, 1.5 x the rheobase current (Granit et al., 1963;
Kernell et al., 1965a), the threshold for repetitive firing should also be different for the two cell
populations. [n addition, Kernell & Monster (1981) have reported different mean threshold
intracellular currents for maintained repetitive firing for different cell types (FF, 21 nA; FR, 11 nA;
S, 6.5 nA, cf. their Fig. 2). The present failure to demonstrate a significant difference in current
strength required to activate F- vs. S cells with extracellular current is at least partly explained by
the complicating effect of uncontrolled distance of the extracellular electrode’s tip from the cell.
Although every attempt was made to optimize electrode position for each cell, it could not have
been uniform with the presently used technique. The steep relationship between current and
distance with extracellular stimulation (Gustafsson & Jankowska, 1976) means that our threshold
current measure is an approximate estimate of the true threshold to extracellular current. -
Furthermore, in the case of extracellular stimulation, although both cell groups may be subjected
to the same current (i.e. similar distance from the electrode tip), the amount of depolarizing
current that crosses their cell bodies is determined by differences in size and specific membrane
resistance: the exact value is dictated by the combination of these two counteracting effects
(Ranck, 1975). An analogy of this argument involves the extra-axonal activation of myelinated
axons of large vs. small diameter. In this instance, firing threshold varies inversely with axon
diameter: the large-diameter axons "see" more current, either on the basis of their size alone
(Ranck, 1975), or in addition, because of complexities of the myelin sheath (cf. Jack, Noble &
Tsien, 1975).

Initial firing frequency: extra- vs. intracellular activation It had to be recognized at the
outset that initial firing frequencies could not be compared for the two routes of activation. Using
intracellular stimulation, the initial frequency is subject to an initial adaptation to a constant
stimulation. In contrast, using extracellular stimulation, the initial frequency presumably gives

indication of the cell's responsiveness to a stimulus of progressively developing strength rather
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than a constant strength. Thus, while it is tempting to speculate on potential mechanisms
underlying the initial rate differences in F- vs. S cells at the onset of extracellular stimulation, it has
no meaning in relation to the work of Kemell.

It is nonetheless intriguing that the initial firing frequency obtained from the Y-intercept of
the exponential fit (initial firing frequency in Table 3) differed significantly tfor the F- and S cells
(16.9+ 6.7 Hz v.s:. 9.9 + 2.3 Hz). It was almost double for F cells, in a fashion similar to Kernell &
Monster's (1982a,b) intracellular study (F, 26.3 + 4.6 Hz vs. S, 17.4 £ 3.4 Hz). However, the latter
values, obtained 2 s after the onset of firing (i.e., to exclude the initial adaptation effect) bear
relation to the peak firing frequencies observed in the present study, rather than the initial ones.
No more can be said on these comparisons, until they are addressed in in vitro preparations (vide
infra).

Peak firing frequency: extra- vs. intracellular activation When stimulated extracellularly
with a current 1.25 x the threshold for repetitive firing, our cells exhibited similar peak firing
frequencies as those of the corresponding intracellular study (Kernell & Monster, 1982a,b),
when stimulated at 5 nA above their threshold for maintained repetitive firing (extracellular: F,
28.0 £ 7.7 Hz vs. S, 15.6 £ 5.0 Hz; intracellular; F, 26.3 + 4.6 Hz vs. S, 17.4 + 3.4 Hz). As
mentioned in the Results section, this suggested that the present use of an extracellular stimulus
strength set at 1.25 x the threshold for sustained firing was quite similar to an intracellular setting
5 nA above the threshold for repetitive firing. However, it was intriguing in the present study that
the current strength required to activate F- vs. S cells was not significantly different. This can be
explained on the basis of differences in the mechanisms that underlie the two routes of activation
(vide supra).

Unfortunately, it is premature to make further comments on the relationship between the

peak firing frequencies attained in the present study and the maximal ones that could have been
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elicited by stronger stimulation. For sustained intracellular stimulation, no such information exists
(cf. Kernell & Monster, 1982a,h).

The stimulus current-firing frequency (I-f) relation: extra- vs. intracellular activation
Significant negative correlations were previously reported to exist between axonal conduction
velocity and neuronal input resistance (Burke, 1967; Kernell, 1966), a passive property of the
cell, as well as between input resistance and the slope of the I-f relation (Kernell, 1966). These
studies suggested that the I-f slope was related to other type (size)-related properties of motor
neurons and motor units. However, in a later study, no significant correlations were found
between the I-f slope and axonal conduction velocity, twitch contraction time, and maximum
tetanic tension (Kernell, 1979). The extracellular stimulation protocol used in the present study
did not provide for the assessment of I-f curves, since the cells' responses were only tested at a-
single current strength. Therefore, the issue of whether F- and S cells have different I-f slopes
remains an open question.

In summary, concerning the two questions posed at the beginning of this section, the
present results suggest that the use of an extracellular stimulus strength set at 1.25 above the
threshold for sustained firing was quite similar to an intracellular setting 5 nA above threshold.
The extracellular mode of activation is not incompatible with the idea that F cells require more
depolarizing current to reach their threshold for repetitive firing, because, although both cell
groups may be subjected to the same current (i.e. be a similar distance from the electrode tip),
the degree of depolarization that is induced in their cell bodies is determined by differences in
size and specific membrane resistance. The present study cannot provide any additional
information on the I-f relation, because, our experimental protocol did not permit the assessment
of the I-f curves for F- and S cells, as will be needed to test for whether the slopes are different for

the two cell types.
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3.5.5 Mechanisms of late adaptation

Several mechanisms have been proposed to account for late adaptation in cat spinal
motor neurons, yet a precise description remains to be elucidated (Kernell & Monster, 1982a; for
review see 2.3). Based on voltage clamp experiments, it has been suggested that late
adaptation might be attributable to changes in afterhyperpolarization (AHP) of motor neurons
(Barrett ot al. 1950; Kernell & Monster, 1982a). The present experimental arrangement did not
include provisions for recording the AHP from these cells, and no additional contribution to our
understanding of the AHP and its relation to adaptation can be made. However, recent data from
other laboratories reiterates the need for consideration of the AHP and its contribution to
adaptation. Studies on decerebrate cats have demonstrated a significantly reduced AHP when
motor neurons were activated during fictive locomotion (Brownstone, 1989). In addition, when
the Brownsione data were replotted as in Fig. 10C,D, it is clear that the motor neurons activated
during fictive locomotion did not display the typical adapting pattern (although excitatory drive
may not have been constant), as compared to activation during current injection. This is a striking
demonstration of extrinsic influences (i.e., via pathways involved in the elaboration of fictive
locomotion) on gn intrinsic motor-neuron property.

Another recently uncovered property of cat motor neurons is the plateau potential (it is
also present in several other species’ motor neurons; Hounsgaard et al. 1988a) in the extensor
motor neurons of the decerebrate cat). The plateau potential is aftributable to a bistable
membrane property (cf. Conway, Hultborn, Kiehn & Mintz, 1988). It is triggered by either a short-
lasting excitatory synaptic stimulus or a brief, injected depolarizing current. These stimuli
produce a maintained hyperexcitability marked by a period of motor-neuron spiking lasting well
beyond the duration of the stimulus (Crone, Hultborn, Kiehn, Mazieres & Wigstrém,1988;
Hounsgaard et al. 1988a). The elevated excitability is terminated by either a short-lasting

inhibitory synaptic stimulus or a brief injected hyperpolarizing current. It has been suggested that
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plateau potentials are due to a voltage-dependent non-inactivating calcium conductance
(Conway et al. 1988). This conductance has been demonstrated in a midbrain preparation where
the descending serotoninergic raphe system was contiguous with the spinal cord (Hounsgaard
et al. 1988a). It has also been demonstrated in spinal preparations using an intra‘venous injection
of 5-hydroxytryptophan (a serotonin precursor). However, since the plateau potential has only
been observed under these two highly specific experimental conditions and since it may be
terminated by either an inhibitory synaptic stimulus or a hyperpolarizing current, it is unlikely that

this particular intrinsic property played any role in the adaptation observed in the present

experiments.

Many (79%; 11 of 14) of the type S cells reported in this study displayed doublet (< 10
ms interspike interval) firing either at the beginning, near the end, or more-or-less throughout the
entire stimulation period (i.e., up to 240-s). In contrast, 45% (9 of 20) of the F cells showed
doublet firing. Doublet discharge in motor neurons has been (eponed in a variety of
experimental preparations including but not limited to: 1) healthy humans during weak voluntary
contractions (Bawa & Calancie, 1983; Adams, Datta & Guz, 1989; Kudina & Churikova, 1990); 2)
reflexive motor-unit recruitment in decerebrate cats (Cordo & Rymer, 1982); 3) controlled
locomotion in decerebrate cats (Zajac & Young, 1980); 4) intracellular current injection in cat
motor neurons (Calvin, 1975); and 5) various pathological conditions in humans (Koenig &
Stoehr, 1986). Interestingly, doublets were apparently not seen (or at least not commented
upon) in the intracellular study of Kernell & Monster (1982a,b). However, they were a prominent
feature of the present work, particularly in the S-cell discharge.

Currently, two theories can be entertained to explain the origin of the doublet. The first

suggests that the second spike in a doublet discharge is generated in the motor axon rather than
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in the soma. However, this is more likely to occur during nerve stimulation or pathological
conditions. In fact, Kudina & Churikova (1990) argue that, in healthy subjects the "... generation
of a double discharge of axonal origin is hardly possible” in the absence of stimulation or
additional excitation in the axon. Previously published values on the delay between extra axonal
spikes and the preceding (soma-dendritic spike) spike varied between 1.1- and 1.4 ms (Gogan,
Gustafsson, Jankowska .& Tyc-Dumont, 1984). Doublets from the present study had interspike
intervals that varied between 4 and 10 ms, much longer intervals than those of axonal origin.

The second theory suggests that the second spike in a doublet discharge originates
from a delayed depolarization (see 7.1.8) of either dendritic (Nelson & Burke, 1967) or initial-
segment origin (Baldissera, 1976) that appears as a 'hump' on the falling phase of an action
potential. It is thought that under appropriate conditions (i.e., minimal firing rates) this delayed
depolarization may spontaneously reach threshold and bring about an additional spike (doublet).

For the present study, the second theory has particular appeal. It is conceivable that
doublet spiking was brought about by the positioning of the extracellular microelectrode in close
proximity to either a primary dendrite or the initial segment such that additional 'focal’
depolarization near a secondary spike-generating site (Nelson & Burke, 1967) could have
brought that region to threshold to produce a series of doublets. However, the present
experimental arrangeineri did not allow for testing of this particular hypothesis. One curious note
is that S cells produced more doublet discharge than F cells (26.4% vs. 3.7% of the total
interspike intervals). Since the input resistance of S cells (at ieast in. the passive state) is greater
than that for F cells it is conceivable that the local depolarization caused by the extracellular
microelectrode was greater in the type S cells. This could havé resulted in a greater percentage

of the delayed depolarizations reaching threshold in the S cells.
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3.5.7 Relation of the present resulls to the Size Principle

Kernell & Monster (1982a,b) have shown correlations between the magnitude of the late
adaptation and: 1) the threshold for rhythmic firing; 2) the firing rate after 2 s of sustained
discharge; and 3) muscle-unit twitch contraction time. The extracellular approach used in the
present study precluded precise assessment of correlations between the threshold for repetitive
firing and other motor unit properties (vide supra). However, the present data did allow testing for
associations between peak firing frequency and the degree of late adaptation as quantified by 12
(i.e., active cell properties) and axonal conduction velocity, twitch contraction time, and peak
tetanic force (traditional motor-unit properties).

All four of the demonstrated correlations in the present work were as one would predict
based on the rather extensive body of literature relating either directly or indirectly to the Size
Principle and to the generally-accepted patterns of usage of the motor-neuron- and motor-unit
types during movement (e.g.: Burke & Rudomin, 1977; Henneman & Mendell, 1981; Stuart &
Enoka, 1984; Binder & Mendell, 1990). Results from the present study are summarized in
relation to the previously published work of Kernell and Monster (1982a,b) in Table 4. It is clear
from this Table that the present results and those of Kernell & Monster (1982a,b) have added
important new information on active properties of motor neurons to the passive ones that have

traditionally been used (see, for example, Stuart & Enoka, 1983) to test for Size-Principle

associations between motor neurons and the muscle fibers they supply.

While the results from the present study provide insight into the functional linkage
between key firing-rate properties of motor neurons and other type (size)-related properties of
motor neurons and their motor units, the mechanisms that produce the presently quantified
firing-rate properties have not been investigated. It is certain that late adaptation is an intrinsic

property of motor neurons that is observed during sustained intracellular (Kernell & Monster,



TABLE 4. Size-Principle issues: Summary of previous and present results

Motor neuron Muscle unit
Discharge Extent of late  Contraction Force
duration adaptation time

Initial P cpP P* P*
firing rate
Discharge NC, P NC,P
duration
Extent of late P c* P*
adaptation
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Fatigability

P.'

P.‘

P.Q

Some of the relevant findings from Kernell & Monster (1982a,b). Two expected
correlations (C) which came from their work are shown. Correlations which were examined
but not revealed by their data are indicated by NC (no correlation). Predictions (P) made
based on the Size Principle and motor-unit fatigability are indicated for several motor-neuron

and muscle-unit properties.

* Indicates significant correlations that were revealed in the present work.

i Indicates predictions which could not be assessed in the Kemell & Monster (1982a,b)-

and present study, due 1o some technical limitations (vide supra).
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1982a, b) and extracellular (present results) stimulation. In addition, there is indirect evidence
that the intrinsic adaptive properties of motor neurons can be modulated by extrinsic factors that
have been elaborated during bouts of fictive locomotion (Brownstone, 1989) and in the study of
plateau potentials (Hounsgaard et al. 1988a).

The present work suggests that at least three approaches are required in future work on
adaptation. They all concern the general issue of the extrinsic modulation of intrinsic properties.
First, the present experimental paradigm should be modified to provide a means of introducing
extrinsic (descending command, reflexive) influences. Second, mechanism(s) of adaptation
should be sought at the biophysical level of inquiry. The advent of the in vitro slice preparation in
embryonic lumbar cord (Kow & Pfaff, 1989) and the harvesting of enriched cultures of adult rat
motor neurons (Smith, Rosenheimer, Hatt & Zufall, 1989) have provided the requisite-
preparations to address these issues. Certainly, questions concerning mechanisms of
adaptation can be better addressed in in vitro preparations, because of the ease of
microelectrode-positioning in or near the test cells and of the application to them of neuroactive
substances (e.g., Hounsgaard et al. 1988a). Finally, there is need for work on the modulation of
adaptation in conscious freely-moving animals: determining under what conditions (tasks) motor-

neuron adaptation occurs, and to what extent it is modulated.
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CHAPTER 4: MOTOR-NEURON ADAPTATION IN RESPONSE TO

INTERMITTENT EXTRACELLULAR ACTIVATION
4.1 SUMMARY

1. The main pufpose of this study was to quantify the adaptation of spinal motor neurons to
intermittent (regular discontinuous) periods of extracellular activation and to test for associations
between selected firing-rate properties of motor neurons and other type (size)-related properties
of these cells and their motor units. Comparisons were also made between the firing-rate
properties revealed during intermittent stimulation and those found with sustained stimulation

which has been used in previous studies.

2. Motor neurons supplying the medial gastrocnemius muscle of the deeply anesthetized cat
were stimulated for 240 s with 1/s current pulses (duration, 600 ms) set at 1.25 x the stimulus
strength required for repetitive firing. Motor-neuron discharge was monitored via the EMG
(compound action potentials) of the active motor unit. The cells and their motor units were
assigned to four categories (i.e., types FF, FR, S; F = FF + FR) based on conventional criteria. In
all, eighteen F (14 FF, 4 FR) and fourteen S cells were studied. They all fired for = 10 s in

response to intermittent stimulation.

3. The mean (+ S.D.) threshold stimulus strength required for repetitive firing for 2 2 consecutive
current pulses was not significantly different for thé F- and S cells (578 + 302 nA vs. 588 + 228
nA). Both of these values were not significantly different from the stimulus threshold strengths

required during sustained stimulation (i.e., Chapter 3 study) to elicit sustained firing for=2 s (i.e.,
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for F cells, 578 + 302 nA vs. 418 + 207 nA, for S cells, 588 + 228 nA vs. 462 *+ 234 nA; cf.

Chapter 3).

4. At 1.25 x the threshold current for repetitive firing, the mean duration of firing during
intermittent stimulation was also not significantly different for the F- and S cells (194 + 69 s vs.
231 + 32 s). However, the F-cell mean was significantly greater than that observed in the
previous study for sustained stimulation (194 £ 63 s vs. 123 * 88 s), whereas the S- cell firing
duration was quite similar for both stimulation paradigms (intermittent, 231 * 32 s vs. sustained,

233+ 19 s).

5. On average, the cells responded to intermittent stimulation with trains of impulses, whose
mean frequency/train first increased and then declined slowly over time. Some cells exhibited
doublet firing (interspike intervals < 10 ms) that was interspersed with singlet discharge
(interspike interval > 10 ms). A quantitative comparison of singiet vs. doublet firing indicated that
the mean firing frequencies/train presented below could include interspike intervals for both

singlets and doublets without compromising the analysis.

6. The time required to reach peak firing frequency/train following the onset of firing was
significantly shorter for F- than S cells (18.8 + 17.8 s vs. 65.7 * 61.8 s). The peak firing
frequencies attained also differed significantly for the F- and S cells (39.4 + 14.2 Hz vs. 25.9+£ 9.8
Hz; P < 0.01). Subsequently, the F cells' mean magnitude of firing-frequency reduction was
significantly greater than that for S cells (14.1 + 8.5 Hz vs. 4.6 £ 6.4 Hz). The gradual reduction in
firing frequency/train for both F- and S cells (between-train adaptation) was qualitatively similar to

the late adaptation reported in the previous Chapter.
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7. Virtually all the cells in the present study (30/32) were the same as those whose firing
properties in response to sustained stimulation were presented in Chapter 3. The time required
to reach peak firing frequencyArain was significantly different to those values reported in the
preceding study (F cells, 18.8 + 17.8 s vs. 7.0+ 5.0 s; S cells, 65.7 + 61.8 s vs. 14.3 + 13.6 s).
Peak firing frequencies were also significantly different to those reported in the sustained-
stimulation study (F, 39.4 +14 Hz vs. 28.0 £ 7.7 Hz; S cells, 25.9 + 9.8 Hz vs. 15.6 £ 2.5 Hz). The
magnitude of firing-frequency reduction was not significantly different for the F- and S celis in the
present study compared to those in the previous study (F cells, 14.1 £ 8.5 Hz vs.16.2+ 6 Hz); S
cells, (4.6 £ 6.4 Hz vs. 5.8 £ 3.1 Hz). A caveat inthese comparisons was that the present values
included doublet discharge, whereas the previous study's values cited here were restricted to

singlet discharge.

8. Modest within-train adaptation was observed in ten of thirly-two cells (5 F, 5 S). This
adaptation was assessed by plotting the ith to the (i + 1)th interval on a per train basis for each test
cell. When present, this adaptation was only seen in the initial portion of each train and was

confined to the first two to four interspike intervals.

9. Associations were tested between firing-rate properties of the test cells brought out by their
intermittent activation, and other well-known, type (size)-related properties of motor neurons and
motor units. The total number of spikes generated during intermittent stimulation was
significantly correlated with peak firing frequency for S- but not for F cells. Peak firing frequency
was significantly correlated with axonal conduction velocity, twitch contraction time, and peak
tetanic force. The extent of between-train adaptation, as quantified by the drop in mean
frequency/train from its peak to 24 or 58 s later, was also significantly correlated to axonal

conduction velocity and peak tetanic force.
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10. The time course of mean firing frequency for the population of F- vs. S cells (averaged over
1-s epochs) was fitted with a double exponential equation [Y = - K1+*exp(-t/t1) + Ko*exp(-t/z2)] and
compared to a similar analysis performed during sustained stimulation (previous study). The T4
values (which quantified the time to reach peak firing frequency/train) were relatively similar for the
F- and S cells during both intermittent and sustained stimulation (F, intermittent, 2.2 s vs. F,
sustained, 2.0 s; S, intermittent, 5.0 s vs. S, sustained, 3.7 s). In contrast, the 1> values (which
quantified between-train adaptation during intermittent stimulation and late adaptation during
sustained stimulation) were much longer for both cell types during intermittent vs. sustained
stimulation (F, intermittent, 170 vs. F, sustained, 60 s; S, intermittent, 704 s vs. S, sustained, 492

s).

11. The profile of between-train adaptation during intermittent stimulation had qualitative and
quantitative (magnitude) features similar to that of late adaptation during sustained stimulation.
Similarly, as in the previous Chapter 3 study, the associations demonstrated between peak firing
frequency and between-train adaptation during intermittent stimulation and other type (size)-
related properties of the motor units gave further credence to the value of extracellular-activation

technique as a reliable means for study of motor-neuron adaptation in the mammalian spinal cord.
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4.2 INTRODUCTION

Motor-neuron adaptation refers to a slowing in the discharge rate of this cell type during
the application of sustained or intermittent stimulation. Adaptation is a fundamental neuronal
process that has been demonstrated for single motor neurons (via their motor-unit discharges)
during sustained maximum voluntary contractions of whole muscles in conscious humans (e.g.
Bigland-Ritchie et al. 1983), and during sustained activation of single motor neurons in
anesthetized reduced-animal preparations via intracellular recording and stimulation (e.g.: Kernell
& Monster, 1982a,b) and via extracellular spinal microstimulation and motor-unit EMG recording
(Chapter 3).

Adaptation has also been demonstrated, but in passing, for single motor neurons during
intermittent muscle contractions in the high decerebrate cat (Zajac & Young, 1980b) and the
conscious rhesus macaque (Palmer & Fetz, 1985). For other cell types, there is at least one
recent detailed analysis of adaptation to intracellularly applied intermittent current pulses in the
literature, as studied by Llinas & Lopez-Barneo (1988) on tectal neurons in a guinea-pig slice
preparation. In summary, despite the fundamental importance of motor-neuron adaptation for
development of muscle force in posture and movement, the literature on this fundamental cell
property is unusually sparse, particularly for that associated with rhythmic, intermittent muscle
contractions that are an essential feature of animal existence (e.g., locomotion, mastication and
respiration).

The goal of the present study was to characterize and quantify motor-neuron adaptation
during intermittent stimulation in a reduced-animal model and to test for the association between
two firing-rate properties measured during intermittent stimulation and other type (size)-related

properties of the tested cells and their motor units. It was of additional interest to compare firing-
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rate properties brought out by intermittent stimulation, to those of sustained stimulation, as used
in the previous (Chapter 3) study.

An additional and potentially complicating issue in the study of adaptation during both
intermittent and sustained stimulation is the possibility of impalement-induced injury caused by
microelectrode penetration. To reduce or eliminate this possibility, cells in the present study
were stimulated with extracellular current. This novel technique proved effective in studying late
adaptation during sustained stimulation (Chapter 3), so its use seemed well justified for studying
between-train adaptation during intermittent stimulation.

It was shown that the profiles of between-train adaptation for F- and S cells during
extracellular intermittent stimulation were similar to the corresponding profiles observed during
extracellular sustained stimulation (Chapter 3). Also, as with the previous study, significant-
associations were shown between two active intrinsic properties of motor neurons, peak firing
frequency/train and tAhe maghnitude of between-train adaptation, and other type (size)-related
properties of motor neurons and motor units: axonal conduction velocity, motor-unit twitch
contraction time and peak tetanic force. Together, the results of these studies show that the
extracellular-stimulation technique is a reliable means for studying motor-neuron adaptation in the

mammalian spinal cord.

‘4.3 METHODS

4.3.1 Stimulation and data-recording arrangement

Details of the surgical procedures, data-recording arrangement and experimental
protocol were described in Chapter 3. However, a few additional features of the protocol deserve
mention. Following the sustained-stimulation protocol described in Chapter 3 (i.e., a 240-s

period of sustained stimulation, a 2-min rest, a second 240-s period of sustained stimulation with
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pink noise superimposed, and an additional 2-min rest) the motor neurons were stimulated at 1
Hz for 240 s with an intermittent cathodal current pulse (pulse duration, 600 ms), or until the cell
discharged with < 2 action potentials/stimulus pulse, whichever occurred first. Subsequently in
this report, the motor neurons' responses to the stimulus pulses are referred to as spike trains.
Each train and its'subsequent 400 ms rest period (i.e., at 1 train/s) is referred to as a cycle.

The stimulating microelectrode remained in the same position established during the
motor-neuron isolation procedure. This involved an electrode tip position that corresponded to
the minimum current needed to elicit an action potentialin the cell using a short (5 ms) cathodal
pulse {see Chapter 3 for additional details). Electrode position was not altered for intermittent
stimulation unless the short-pulse threshold (assessed at the onset of each new paradigm, vide
supra) changed by ca. 10% from the initial value. Cells were stimulated at 1 Hz with current pulses
of 600 ms duration. The threshold current strength required for repetitive discharge was
determined by gradually increasing the current to the point where the functionally isolated cell
responded with several spikes/train for 2 trains. The incremental increase in current strength was
continued over 30 - 60 s to avoid problems with threshold determination due to the delay in the
onset of spiking associated with the extracellular stimulation technique. In the test stimulation
paradigm, cells were stimulated with 600 ms current pulses at 1 Hz at a strength of 1.25 x the
threshold current for repetitive firing with intermittent stimulation. Stimulation continued for 240
s, but was discontinued if the cell began to discharge with < 2 action potentials/train. Units that
did not respond with = 2 spikes/train for = 10 s were not included in the present analysis. Motor
neurons were considered to have stopped firing repetitively if their discharge fell below the
prescribed rate of 2 spikesftrain. Units were classified as type FF, FR, F (FF + FR) and S using
conventional criteria (see 3.3.4). All the relevant data were recorded on FM tape during the

experiment for later analysis.
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4.3.2 Data analysis

As explained above (see 3.3.5), motor-neuron discharges were discriminated from the
EMG record using a computer-based waveform discriminator that employed a template-matching
algorithm. Generating the interspike interval files for the intermment-stimulatit‘an protocol was
more complex than was required for the sustained-stimulation protocol. In the present study, a
trigger signal marking the onset of current for each 1-s ¢ycle and the motor unit's EMG signal were
summed electronically and sent to the waveform discriminator. The discriminator was used to
create a file containing both the intervals corresponding to the trigger events and the EMG
interspike intervals corresponding to motor-neuron discharge. Intervals (resolution, + 125 ps)
were measured by the discriminator. Motor-neuron discharge was analyzed on a train-by-train
basis using laboratory-developed software written in an icon-based programming environment
(LabVIEW; National Instruments Corporation, 6504 Bridge Point Parkway, Austin, TX 78730-
5039). In one F cell, the EMG could not be reliably discriminated beyond 40 cycles (s) of
stimulation because the action-potential amplitude fell to an unacceptable level. However, visual
inspection of the raw EMG signal showed a small, yet discernable, regularly spaced wavelets that
ceased at 130 s. This unit was included in the analyses where possible, except when number of
spikes was considered.

In the analyses that follows, motor-neuron firing rate was quantitated in two ways. The
first involved determining the mean interspike interval/train (including doublets; vide infra)
expressed in terms of mean firing frequencyftrain. These values were used for all statistical
comparisons of firing behavior of the motor neurons. The second method was simply to count
the number of spikes/train. This parameter was used to verify that there were a sufficient number
of spikes to allow use of the mean interspike interval as a reliable estimate of the mean firing

frequency/train.
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4.3.3 Quantification of between-irain adaptation

In the present study, motor neurons responded to intermittent stimulation with a
relatively fast increase in firing frequency/train that peaked several seconds after stimulation
commenced and then declined more slowly over time. Between-train adaptation was quantified
for each cell by calculating the drop in firing frequency from the mean peak firing frequency
(averaged over each spike train) to points 24- and 58 s later. This peak-to-24 s later analysis was
analogous to the method used by Kemnell & Monster (1982a,b) to quantify late adaptation during
sustained activation where the drop in frequency from 2 to 26 s of discharge was reported (cf.
Chapter 3; Fig. 23).

Individual time constant values were not fitted to the instantaneous firing frequency
profiles of each unit as was done for the sustained-discharge profiles (Chapter 3). Until there is a
general consensus that a particular intermittent stimulation regimen (i.e., in terms of duration,
duty cycle, stimulus pattern, etc.) should be investigated in several laboratories (a consensus that
exists for sustained stimulation), the cost in time of generating time constants for thirty-two motor
neurons was considered to outweigh the profit of providing a quantitative measure of adaptation
that accommodated the full duration of the stimulation period. However, the ensemble averages
of the mean firing frequency for the population of the type F- and S cells were fitted with a double

exponential equation in an identical manner used to fit the population response of the F- vs. S
cells during sustained stimulation (see 3.3.5, Eq. 1; cf. also Fig. 26, Chapter 3).

4.3.4 Quantification of within-train adaptati

Within-train adaptation was quantified by plotting the first interval (i) in the train vs. the
second interval in the train (i + 1) for all trains comprising the stimulation period. Similar plots were
constructed for the second vs. third interval and so on (ith vs. i + 1th) up to the seventh and

eighth interval (see Fig. 34).
4.4 RESULTS

The results are based on analysis of thirty-two motor neurons (14 FF, 4 FR, and 14 S)

supplying the medial gastrocnemius muscle. The responses of thirty of these thirty-two motor
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neurons (17 F, 13 S) to sustained stimulation were reported in Chapter 3. Two additional cells

(1 F, 1 S) were added for the present report.

4.4.1 Threshold current for repetitive firing: F- vs. S cells and intermittent vs. sustained
stimulation

The mean (+ S.D.) threshold current to elicit = 2 action potentials/rain for at least 2 cycles
(s) of stimulation was not significantly different for the F- and S cells (578 + 302 nA vs. 588 + 228
nA). Both sets of values were not significantly different than their counterparts during sustained
stimulation (Chapter 3) in which thresholds were determined for eliciting sustained firingfor=2 s
(i.e. for F cells, 578 + 302 nA vs. 418 + 207 nA,; for S cells, 588 + 228 nA vs. 462 + 234 nA). This
result suggests that a higher current was not required during intermittent stimulation to
compensate, in part, for the delay encountered between current onset and cell discharge, or that
the delay process was partially obviated by the intermittency of stimulation. It appears that the
delays observed in the onset of spiking were due to a similar mechanism associated with each

stimulation paradigm, and was not something unique to either paradigm.

4.4.2

For intermittent stimulation, the mean duration of F- and S cell firing was not significantly
different (194 £ 69 s vs. 231 + 32 s). This result was in contrast to the mean durations of firing
during sustained stimulation, which featured a significantly shorter time for F-cell firing (Chapter
3). For F cells, the mean firing duration was significantly longer for intermittent vs. sustained firing
(194 + 69 s vs. 123 + 88 s). This result shows that F cells responded for longer periods of time
when activated with intermittent rather than sustained stimulation of comparable strength. In
contrast, the duration of S cell firing was virtually identical for intermittent vs. sustained firing (231

+32svs. 233+19s).
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4.4.3 Motor-neuron response during the 240-s course of intermittent stimulation

Figure 27 shows the typical response of an F cell to 240 s of intermittent extracellular
stimulation (same cell as in Fig. 17A, Chapter 3). Four representative 1-s epochs are shown for
progressively later times following the beginning of spiking. In Fig. 27A, the 5th s of stimulation,
shows the first cycle in which spiking was produced in this cell. As was commonly observed,
several cycles of stimulation were necessary before motor-neuron spiking was elicited with
extracellular stimulation. The mean delay in the onset of spiking was 3.5 + 2.2 s for the F cells and
4.5 + 3.3 s for the S cells, an insignificant difference. Once spiking commenced, the cells took
several seconds to reach their peak firing frequency/train as was demonstrated by comparing the
5th s of stimulation (Fig. 27A) to the 30th s of stimulation (Fig. 27B). By 60- and 240 s of
stimulation (Fig. 27C,D) the discharge frequency had slowed relative to the 30 s rate (Fig. 27B).
There was also a reduction in EMG amplitude between the onset of discharge and the end of the
240-s stimulation period (Fig. 27A vs. D). '

Typical results from two cells that discharged for 240 s are shown in the raster plots of in
Fig. 28. Each of these cells discharged quite consistently throughout the entire stimulation
period and showed remarkably little change over time in either mean firing frequency/train or the
number of spikes/train. Note the consistency of the firing time of the first spike following stimulus
onset in both cells. Also note that the cell discharge was confined to the 600 ms period in which
the stimulating current was applied each second.

Figure 29 shows the interval histogram from each of the two cells used in Fig. 28. The
mean interspike interval was shorter for the F- than the S cell (35.6 ms vs. 76.7 ms; i,e., Fig. 29, A
vs. B). The histograms from each neuron in the F- and S-cell populations were added and the
respective ensemble histograms are shown in Fig. 29C, D. For each cell contributing to these

population interval histograms, the mean interspike interval was calculated. When analyzed in
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B
Cc
A-C
200 pv
D
D
100 pv

200 ms

Fig. 27. Example of motor-unit EMG changes during the course of 240 s of intermittent,
intraspinal stimulation of a single motor neuron. Each trace is a 1-s epoch of the EMG (compound
action potential) record (digitized at 244 ps/pt) at different times following the onset of stimulation
(A, 5s;B,30s; C, 60s; D, 240 s). Each current pulse had a duration of 600 ms (60 ms delay from
start of each trace), and was repeated at 1 Hz. Note that the EMG decreased in amplitude during
the stimulation period. In general, this reduction was greater in F than S cells.
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Response of a typical F cell, stimulated with 862 nA. Note a slight decrease in

)

intermittent stimulation. Shown are consecutive spike trains (ordinate), with train number
increasing from bottom to top. Each dot represents a single EMG compound action potential.

The first spike in response to each stimulus cycle was tightly coupled to the onset of the current

(delay, ca. 8 ms). A
cell. Ingeneral, F cells fired faster within each train and tended to show more adaptation between

Fig. 28. Raster plots of the discharge for two representative motor neurons during 240 s of
trains than did S cells.

cell, stimulated with 525 nA. This cell responded with fewer spikes per train

the number of spikes per train during the 240-s course of stimulation. B
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Fig. 29. Interspike Interval histograms for individual motor neurons and the total population: F- vs.
S cells. Interval distribution for an F cell (A) with a mean interval of 35.6 + 4.7 ms and an S cell (B)
with a mean interval of 76.7 £ 14.8 ms. These are the same two cells shown in Fig. 28. C-D,
Interval histograms for the total population of F cells (C; n = 18) and type S cells (D; n = 14)
including the singlet- and doublet-firing cells. Mean interspike interval (+ S.D.) for the F cells'
population histogram (C) was 41.6 £ 23.7 ms and 53.5 + 28.9 ms for the S cell population
histogram (D).
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this manner, the mean interspike interval for the population of F cells was significantly shorter

than the mean interspike interval for the S cell population (43.4 £ 11.7 ms vs. 57.8 + 19.0 ms).

4.4.4 Singlet vs. doublet discharge

The relative incidence of doublet discharge (i.e., interspike intervals < 10 ms; see
Chapter 3) can be seen in the population interval histograms of Fig. 29C,D. The majority of
interspike intervals in both the F- and S cells were singlets (i.e., > 10 ms). However, the F celis
tended to have a relatively lower (albeit insignificant) incidence of doublet discharges than did the
S cells when expressed as the percent of the total intervals in the respective population interval
histograms. (i.e. Fig. 29C vs. D; F, 6.8% vs. S, 20.0%).

To demonstrate that cells with a relatively high incidence of doublets did not have mean
interspike intervals significantly different from those cells with a relatively low incidence of
doublets, the F- and S-cell populations were put into either a doublet group (each with doublets
comprising 2 1% of the total interspike intervals) or a non-doublet group (doublets < 1%). Figure
30 shows that no significant difference was found in the mean intervals between the doublet-
and non-doublet discharging cells for either the F- (Fig. 30A vs. C) or S (Fig. 30B vs. D) cells. On
the basis of this result, the presentation of the subsequent results did not require a separation of

singlet- and doublet discharge.

4.4.5 Between-irain adaptation

Number of spikes/train Figure 31A, B show the number of spikes/train for an F (A)- and
an S (B) cell during the 240-s course of intermittent stimulation. The most striking feature of
these firing-rate responses was the qualitative difference between the F- and S-cell profiles. In
general, F cells exhibited an initial rise in the number of spikes/train to a maximum mean value of

23.9 + 7.9 spikes/train, that occurred at a mean time of 18.8 + 17.8 s after the onset of spiking vs.
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Fig. 30 Interspike interval histograms for populations of singlet- firing cells and singlet- plus
doublet-firing cells: F vs. S. Interval histograms are shown for the singlet- discharging F (A) and S
(B) cells. C-D, Show the corresponding interval histograms of cells that displayed both singlet and
doublet (interspike interval < 10 ms) discharge for F (C) and S (D) cells. No significant difference
was found between the mean interval of the F cells in Avs. C (42.1 £ 11.8 ms vs. 44.8 £ 12.1 ms;
P > 0.05, unpaired t-test), and in A vs. C with doublet intervals in the latter excluded (42.1 £ 11.8
ms vs. 51.4 £ 14.8 ms; P > 0.05, unpaired t-test). Similarly, comparison between the mean
intervals of all S cells in B vs. D revealed no significant difference (73.2 +: 13.1 vs. 53.5 + 18.4 ms;
P > 0.05, unpaired t-test), and in B vs. D with doublet intervals excluded (73.2 + 13.1 vs. 64.8 +
18.1 ms respectively; P > 0.05, unpaired t-test). The doublet peak in C for F cells was only a small
component (14.7 %) of the total number of intervals in that population. For S cells, the doublet
peak in D was considerably larger, being 21.2% of the total interval count. The number of cells
(n) contributing each population histogram is indicated on each plot.
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a maximum rate of 15.6 + 5.5 spikes/train for the S cells that occurred at 65.7 + 61.8 s. This peak
in the number of spikes/train was followed by a progressive decline throughout the remainder of
the stimulation period for the F cells vs. a near-constant number of spikes/train for S cells. It
should be noted that the mean firing frequency/train (calculated from the mean interspike
interval) was similar in profile to the equivalent one based on the number of spikes/train. The
peak firing frequency/train was significantly greater for the F- vs. S cells (39.4 + 142 Hz vs. 259

9.8 Hz).

The quantitative values presented above are of interest in relation to their counterparts
during sustained stimulation as measured in the previous (Chapter 3) study. For F cells, the initial
rate of firing during intermittent stimulation was not significantly different than during sustained
stimulation (19.2 £ 11.2 Hz vs. 16.9 + 6.7 Hz; P > 0.05). However, the time to peak firing
frequency was significantly different (18.8 £ 17.8 s vs. 7.0 + 5.0 s; P < 0.05). The peak firing
frequency attained was also significantly different for intermittent vs. sustained firing (39.4 £ 14.2
Hz vs. 28.0 £ 7.7 Hz; P < 0.01). The corresponding numbers for S cells during intermittent vs.
sustained stimulation were: 1) for initial firing frequency,11.9 + 8.2 Hz vs. 9.6 £ 2.4 Hz, no
significant difference (P > 0.05); 2) time to peak firing, 65.7 + 61.8 s vs. 143 £ 13.6 s5; a
significant difference (P < 0.01); and peak firing-frequency attained, 25.9 + 9.8 Hz vs. 15.6 £ 2.5
Hz, a significant difference (P < 0.001). A caveat in these comparisons was that the present
values included doublet discharge, whereas the previous study's values were restricted to
singlet discharge.

Firing frequency/train The profile of mean interspike intervalitrain during the course of
intermittent stimulation (Fig. 31 C,D) had qualitative features that resembled an inverse plot of the
number of spikes/train response shown in Fig. 31A,B. The F cells typically showed a rapid
decline in this value that corresponded to a sharp rise in the number of spikes generated within
the first several seconds of stimulation (i.e. Fig. 31 C vs. A). The mean intervaltrain then
increased slightly and reached a near-constant value as the number of spikes/train decreased to
a near constant value. In contrast, the S cells had mean intervals/train that decreased sharply
during the first several seconds of stimulation, reaching a near-constant ievel as the number of
spikes/train reached a similar consistency with little subsequent change in either parameter (Fig.

31D vs.B). These various comparisons provided a qualitative expression of the fact that
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Fig. 31. Number of action potentials and mean interspike interval/train during 240 s of intermittent
stimulation for representative F- and S cells. Same motor neurons as in Fig. 28: i.e., an F cell (left-
hand panels) and an S cell (right-hand panels). A, Shows an initial rapid increase in the number of
F-cell spikesttrain during the first 20 s of stimulation followed by a steady decline until 100 s after
which time the cell's discharge rate remained relatively stable (about 16 spikes/train; ca. 26 Hz).
The mean interspike interval (C) decreased from 55 to 28 ms within the first 15 s of stimulation and
then stabilized near 40 ms. B, Shows the increase in the number of S-cell spikes from 2 to 8
within the first 50 s of stimulation which number then remained relatively constant. The mean
interspike interval for this cell (D) showed an initial rapid decrease that was followed by a near-
constant value (near 75 ms) for the remainder of stimulation. The zero time reference indicates

the onset of firing in all four plots.
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between-train adaptation during intermittent stimulation was more pronounced in the F- than the

S cells.

4.4.6 Quantification of between-train adaptation

Figure 32 shows that a procedure introduced by Kernell & Monster (1982a) for
quantitating the .magnitude of late adaptation to sustained stimulation was applicable to the
between-train adaptation resulting from intermittent stimulation. Figure 32A shows the original
Kernell & Monster (1982a) result: a correlation between the drop in firing frequency between the
2nd s of firing and the 26th s of sustained discharge. Similar results from the sustained
extracellular stimulation paradigm of the present work (Chapter 3) are shown in Fig. 328. Here as
in Fig. 32A, there was a significant correlation between the mean peak firing frequency/train and

the drop in frequency/train measured 24 s later.

The term between-train adaptation is used here in the context of the term of jate
adaptation used in the Kernell & Monster's studies of adaptation during sustained stimulation
(1982a,b) to allow qualitative description of the entire response profile on a per train basis during
the intermittently applied activation. Similarly, Llinads & Lopez-Barneo (1988) used an analogous
descriptor, long-term adaptation, to describe the decrease in the number of spikes/train during
intermittent stimulation. The term between-train adaptation (present study) is used to describe
the ongoing changes in firing during intermittent activation and to provide a continuity when
comparing the present results to those obtained during sustained stimulation (late adaptation;
Kernell & Monster, 1982a,b; Chapter 3).

For the between-train adaptation to intermittent stimulation (present study), Fig. 32C
shows a significant association between the peak firing frequency/train and the drop in frequency
from that peak to a lesser value 24 s later. The correlation was also significant for the F- and S
cells when each group was considered separately. Similarly, there was a significant correlation
between the peak firing frequency/train for intermittent stimulation and the drop in firing

frequency from that peak to the firing frequency 58 s later. Again, the association was significant
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Fig. 32. Effect of peak firing frequency on the extent of motor-neuron adaptation. A, Data from
Kernell & Monster (1982b) replotted to show mean firing frequency in the 2nd s of sustained
intracellular current injection vs. the change (drop) in mean frequency at 26 s. There was a
significant correlation between the peak firing frequency (PFF) and the extent of adaptation (r =
0.92, n = 23, P < 0.001). B- D, Significant correlations among the present data. B, Resuits
obtained from the sustained-stimulation paradigm used in Chapter 3, PFF vs. the change in rate
24 s after peak (as measured from the fitted double exponential curve; r = 0.63, n = 30, P <
0.001). Note the similarity in the two figures although there was more variability in the data from
the extracellular-stimulation study (B). C, D, Extent of adaptation for intermittent extracellular
stimulation in the present study. C, PFF vs. the change in rate 24 s after peak (r= 0.83, n =30, P
< 0.05). D, PFF vs. the change in rate 58 s after peak (r = 0.92, n = 28, P < 0.05). Both Cand D
had signiticant correlations when the F and S cell populations were considered separately.
Regardless of the value (24 or 58 s) used to quantify the extent of adaptation during intermittent
stimulation, (C - D), there were significant correlations between the PFF and the magnitude of the
adaptation, similar in many respects to the results obtained with either sustained intracellular
stimulation (A) or sustained extracellular stimulation (B). Symbols for A - D: FF = crosses, FR =
filled boxes, S = circles.
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for the F- and S cells when considered separately or together. The correlation for the 58 s drop (r
= 0.92) was tighter compared to the correlation measured at the 24 s drop (r = 0.83). This
difference can be attributed to the more significant drop in frequency seen between the two cell

types at the 58 s time period.

The Fig. 32 analysis also provided a means of quantitating the differences between the
magnitude of adaptation for F- vs. S cells and also for comparing the magnitude of adaptation for
intermittent stimuiation (present study) vs. sustained stimulation (Chapter 3). The magnitude of
adaptation in this case was measured from the peak firing frequency to the frequency at the end
of discharge for each cell. For the F cells, this drop was not significantly different between the
two stimulation paradigms (intermittent, 14.2 + 8.5 Hz vs. sustained, 16.2 + 6.1 Hz). This drop in
frequency was also not significantly ditferent for the S cells (intermittent, 4.5 + 6.4 Hz vs.
sustained, 5.8 + 3.1 Hz).

4.4.7 Population adaptation responses: F vs. S cells

In order to illustrate the qualitative differences in late adaptation between the F- and S-
cell populations, the ensemble response of each cell type was compared. The mean firing
frequencyArain (i.e., inverse of the mean-interval values/train) for each cell was calculated for the
entire stimulation period. The cells were grouped according to type (F vs. S), and the mean firing
frequency/train of all cells of a particular type were summed for each 1-s epoch. This value was
divided by the number of motor neurons in each sample (18 F, 14 S). This effectively gave the
ensemble mean firing frequency of the "average" F- and S cell for each second of the 240-s
stimulation period. Some cells ceased firing before the end of their course of stimulation. In such
case, they contributed no spikes to the summed frequency for each subsequent epoch.
However, the ensemble average was still normalized to the original number of cells. The results
of this procedure are shown in Fig. 33. The average response of the F cells (thick line) increased
from 29- to 33 HzArain in the first 5 s of spiking, and, from this point, showed a relatively rapid
decay to a final mean firing frequency of 12 Hz/train. In contrast, the ensemble average for the S
cells (thin line) increased from 12 HzArain at the onset of spiking to a peak of 20 Hz/train at 25 s.

This was followed by a slow decay. However, the ensemble mean firing frequency for the S cells
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Fig. 33. Population comparisons of mean firing frequencies during intermittent stimulation: F- vs.
S cells. Shown are the mean frequencies (averaged over 1 s epochs) for all motor neurons of the
same type (F, n = 18, thick line; or S, n = 14, thin line) plotted for 240-s of intermittent stimulation.
The two data sets were significantly different from the onset of cell firing up to 40 s of stimulation
(P < 0.05, unpaired t-test). The ensemble responses for each unit type were fitted with a double
exponential function (see 3.3.5) which yielded two time constants for F cells (t; =2.2 s, 1, = 170
s) and S cells (1, = 5.0 5, 1, = 704 s) in fashion similar to that seen previously for sustained
stimulation (Chapter 3). The Y-intercepts for each of these responses were also obtained the F
cells (17 Hz) and S cells (7 Hz).




140

was still 16 Hz/train at 240 s. In further distinction between the F- and S cells, the mean firing
frequency/train of the average F cell was significantly greater than that for the S cell average
during the first 40 s of stimulation, after which point the means were not significantly different.
The Fig. 33 analysis provided another contrast in the adaptive behavior of F vs. S cells.
Over the 240-s course of stimulation, the normalized contribution of the F cells declined from a
peak of 33 Hz/cell to 12 Hz/cell, a 64% reduction in the ensemble firing frequency. [n other
words, the F motor-unit population could only make approximately 34% of its original contribution
to total muscle force after 240 s of intermittent stimulation (disregarding nonlinearities in the
stimulus frequency-force relationship and the effects of contractile fatigue which would reduce
this contribution even further). In contrast, the the S-cell population was much less affected; the
reduction in ensemble firing frequency/train from the peak was 20% over the same 240-s period

of stimulation.

4.4.8 Within-rain adaptati

Figure 34 shows the joint-interval histograms of an F- and an S cell. To search for the
presence of within-train adaptation, selected intervals (i) in each train were plotted vs. the next
adjacent interval (i + 1) for each train of a 240-s stimulation period. Eight such plots were
examined for each neuron up to and including the 8th vs. the Sth interval of each train. A
tendency for the (i + 1)th interval to be larger than the ith interval was indicative of adaptation, and
would be seen in this type of plot as a tendency for points to cluster above the line of symmetry.

Within-train adaptation, identified with the above method, was observed in ten of the
thirty-two cells. A plot showing the lack of within-train adaptation is shown in Fig. 34A. Here, most
of the intervals fell on the line of symmetry. However, ten cells (5 F, 5 S) did show patterns of
within-train adaptation, as shown in Fig. 34B. In this figure, the 1st vs. 2nd interval for all trains

during the 240-s stimulation period lay above the line of symmetry. This shows an adaptation
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Fig. 34. Joint interval histograms of intermittent motor-neuron firing: F- vs. S cells. Same motor
neurons as in Fig. 28. Shown in A (an F cell) and B (an S cell) are the 1st interspike interval’
(abscissa) vs. the 2nd interval (ordinate) for all trains during the 240 s, intermittent stimulation
period. For the F cell (A) and twenty-one other neurons (12 F, 9 S), the symmetrical distribution of
points around the line of unity (solid line) indicated that there was no tendency for intra-train
adaptation. For the S cell (B), the second interval clustered above the line of symmetry. This
clustering above the line of symmetry was seenin 5 F and § S cells in the 1st vs. 2nd interval plot.
In general, the tendency for intra-train adaptation was observed only occasionally (10 of 32 cells),
and in those cases the adaptation ceased when the 2nd-t0-3rd and in a few instances the 3rd-to-
4th interval plots were studied, for the F-cell population.
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between the first three spikes during the 240 s stimulation period. For each of the ten cells with
demonstrable within-train adaptation, the phenomenon faded when either the 2nd vs. 3rd, or the

subsequent joint interval histogram was examined.

4.4.9 Effects of firing frequency on the total spikes produced

The association between the total number of spikes produced during the entire
stimulation period and the mean peak firing frequency/train for the full populatior of cells was
plotted in Fig. 35. There was no significant relationship between the number of spikes/train and
peak firing frequency/train when the neurons were considered as a single (F + S) population.
However, there was a significant relationship between these parameters when the S cells were

considered alone.

In this chapter, the described active motor-neuron properties, total number of spikes,
peak firing frequency, and between-train adaptation, are plotted on the y-axis, with their other
type (size)-related properties of the motor units, axonal conduction velocity, twitch contraction
time, and peak tetanic force, plotted on the x-axis. This presentation was adopted for ease of
data-presentation and it was not meant to imply that the newly described motor neuron
propetties are causally dependent on the motor-unit properties.

4.410 Relationship between motor-neuron and motor-unit properdies

Associations were sought between two active motor-neuron properties, peak firing
frequency/train and the magnitude of between-train adaptation, and three type (size)-related
properties of the motor units: axonal conduction velocity, motor-unit twitch contraction time and
peak tetanic force.

Peak firing frequency/train Three significant correlations are shown in Fig. 36. When the
full (F + S) population was considered, a significant positive correlation was found between peak
mean firing frequency/train and axonal conduction velocity (Fig. 364) . A significant negative

correlation was found between peak firing frequency/train and twitch contraction time (Fig. 368),
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Fig. 35. Relation between total number of spikes and the peak firing frequency/train. A significant
correlation was found between the total number of spikes produced during the full stimulation
period for S cells and peak firing frequency/train (n = 14, r = 0.63, P < 0.05). There was no
correlation when the entire population of motor neurons was considered (n = 32, r = 0.31, P >
0.05). Symbols: FF = crosses, FR = filled boxes, S = circles.
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Fig. 36. Significant associations between peak firing frequency and other type (size)-related
motor-unit properties



Fig. 36. Significant associations between peak firing frequency and other type (size)-related
motor-unit properties. A, Axonal conduction velocity vs. peak firing frequency (PFF; n=32,r =
0.47, P < 0.05). B, Twitch contraction time vs. PFF (n= 32, r = -0.41, P < 0.05). C, Peak tetanic
force vs. PFF (n = 32, r = 0.66, P < 0.05). There was also a significant association when F cells
were considered separately (n = 18, r = 0.62, P < 0.05; regression line similar to that for the
entire population). Note that peak firing frequency was associated with well established, type
(size)-related, motor-unit properties: axonal conduction velocity, twitch contraction time, and
peak tetanic force. Symbols for A - C. FF = crosses, FR = filled boxes, S = circles.
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and a significant positive one between peak firing frequency/train and peak tetanic force (Fig.
36C). The latter correlation was also significant when the F cells were considered separately.
Magnitude of between-train adaptation  Relationships between between-train
adaptation and various motor-unit type (size)-related measurements are shown in Fig. 37.
Significant correlations were observed between the extent of adaptation (from either the peak
firing frequency/train to 24 s later, Fig. 37A, or the peak to 58 s, Fig. 37B) and conduction
velocity, when the full population (F + S) was used. However, no significant correlations where
observed when the two cell types were considered separately. A significant correlation was not
found between the extent of adaptation (measured at 24 s, Fig. 37C; or 58 s, Fig. 37D ) and
contraction time. However, there appeared to be a tendency for the data in Fig. 37D to show an
inverse association between the drop in frequency from peak to 58 s later and contraction time,
as one might predict based on present knowledge of motor-neuron type (size)-related properties
(cf. Kernell & Monster, 1982b). Significant correlations were found between the extent of
adaptation (measured at 24 s, Fig. 37E; or 58 s, Fig. 37F) and peak tetanic force. In Fig. 37E and
F, significant correlations were present for both the entire population and when the F cells were

considered separately.

4411 C . { intermitient v, tained stimulation: F- and S cell lati

The effects of intermittent vs. sustained stimulation were compared for the full
populations of F- and S cells. In Fig. 38, the ensemble mean firing frequency for the F- (Fig. 38A4)
and S (Fig. 38B) cells are shown for both intermittent (thick lines) and sustained (thin lines)
extracellular stimulation. The firing frequency was averaged over each 600 ms train for
intermittent stimulation and over 1-s epochs for sustained stimulation. In both cases, mean firing
frequencies included doublet discharge. The F cells showed much less adaptation with

intermittent stimulation: their mean firing frequency was significantly higher from 17 s to the end
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Fig. 37 Associations between the extent of firing-rate adaptation and other type (size)-related
motor-unit properties



Fig. 37 Associations between the extent of firing-rate adaptation and other type (size)-related
motor-unit properties. A, Axonal conduction velocity (CV) vs. drop in firing frequency from its
peak value to 24 s later (24 s drop) (n = 30, r=0.37, P < 0.05). B, CV vs. drop in firing frequency
from its peak value to 58 s later (58 s drop; n= 28, r = 0.40, P < 0.05). C, Contraction time (CT)
vs. 24 sdrop (n=30,r=0.22, P> 0.05). D, CT vs. 58 sdrop (n =28, r = 0.35, P > 0.05). Note
that neither C nor D showed significant correlations between CT and the extent of adaptation.
E, Peak tetanic force vs. 24 s drop (n = 30, r = 0.67, P < 0.05). The regression line (not shown)
was quite similar to that for the F cells when they were considered separately (n = 17, r=0.75, P
< 0.05). F, Peak tetanic force vs. 58 s drop (n = 28, r = 0.69, P < 0.05). A similar regression line
was observed for the F cells (n= 16, r = 0.73, P < 0.05). Symbols: FF = crosses, FR = filled
boxes, S = circles.
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Fig. 38. Comparison between mean firing frequency during intermittent- and sustained
stimulation: F- vs. S cells. The mean firing frequency (averaged over 600 ms for intermittent
stimulation and 1-s epochs for sustained stimulation) for F and S cells were averaged and plotted
vs. time for both intermittent (present study) and sustained (Chapter 3) stimulation (up to 240 s
each). For each cell contributing to the average, time was referenced from the onset of spiking in
that unit. The records were truncated at 234 s, which corresponds to the minimum stimulation
time received by all cells following their onset of spiking. Only cells that were stimulated with both
intermittent and sustained current were included in these averages. A - B, Thick lines correspond
to data from intermittent stimulation; the thin lines correspond to data from sustained stimulation.
A, Ensemble average of F cells (n = 17). The mean values for the two sets of data were
significantly different from 17 s to 234 s of discharge (paired t-test, P < 0.05). B, Ensemble
average of S cells (n = 13); their mean firing-rate profiles were not significantly different at any
point during the 240-s period of stimulation (paired t-test, P > 0.05).
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of the 240-s stimulation period for intermittent vs. sustained stimulation. In shamp contrast, the
mean firing frequency of the type S neurons (Fig. 3858) were not significantly different with either
stimulation paradigm at any point during the same 240-s period of stimulation.

A double exponential equation was fitted to the ensemble responses for F- and S cells
activated with intermittent and sustained stimulation. The 12 values from the intermittent data
were greater for both F and S cells compared to the values obtained from the sustained
stimulation data (F, 170 s vs. 60 s; S, 704 s vs. 492 s). In contrast the 14 values for both F and S
cells were very similar for both stimulation paradigms (F, 2.2 s vs. 2.0 s; S, 5.0 s v5. 3.7 s). The
initial firing frequencies for both F- and S cells were also very similar for both stimulation paradigms
(F,17 Hz vs. 17 Hz; S, 7 Hz vs. 8 Hz). (For details on the implications of initial firing frequency and
T2 measurements, see Chapter 3).

The experiments offered the unique opportunity of comparing the adaptation of the
same cell in response to two different stimulation paradigms. We were interested in evaluating
the importance of the cumulative after-effects of spike production on adaptation. If adaptation
were simply a function of the cumulative after-effects of the number of spikes produced
(irrespective of the interval between spikes), the drop in frequency with sustained and
intermittent stimulation should be similar after an equal number of spikes had been produced in
each case. That is, the plot of firing frequency vs. number of spikes should be similar for the
same cell responding to sustained vs. intermittent stimulation. Eleven type F cells and six type S
cells were chosen for pairwise analysis of adaptation under each stimulation paradigm. The
criteria for inclusion for this analysis were: a) the cell received both the sustained and intermittent
stimulation paradigm, b) their spiking duration was > 24 s following the attainment of the peak
tiring frequency for sustained stimulation, and c) there were no large discrepancies in the
proportion of doublet discharge under the two conditions (which would have distorted the

comparisons).




149

For each cell, the mean firing frequency was calculated for each 1-s epoch of activation.
In the sustained-stimulation case, the peak frequency, and the change in frequency between
this point and the time point 24 s later were calculated. The total number of spikes produced by
the cell in this 24-s epoch was recorded. This value was referred to as the 24-s spike count, and it
became the reference for comparison of the adaptation under the two conditions. For the
response to intermittent stimulation, the train in which the peak firing frequency was attained was
used as the initial reference point. The change in frequency with intermittent stimulation was
calculated from the peak to the later point at which the cell had produced the same number of
spikes as were produced during the 24-s spike count in the sustained trial. The data were fitted
with a high-order polynomial in order to interpolate values for comparison. When examined in this
manner, the mean drop in frequency of the eleven F cells was 10.1 Hz greater in the sustained-
than in the intermittent trial. This difference was statistically significant (t-test; P < 0.03). The S
cells also showed significantly greater adaptation in the sustained case, although the difference
was less marked than for the F cells. The mean drop in frequency of the six S cells was 4.6 Hz

greater in the sustained trial (t-test; P < 0.05).

4.5 DISCUSSION

This study is the first to investigate adaptation in cat spinal motor neurons using
intermittent current pulses applied extracellularly. Although there is an abundance of reports in
the literature using intracellularly applied brief current pulses to activate motor- and other CNS
neurons (for review: Burke & Rudomin, 1977; Binder & Mendell, 1990), none have studied both
within- and between-train adaptation to the extent presented here. Similarly, while there are
smatterings of intriguing examples of motor-neuron adaptation during treadmill (Zajac & Young,

1980b) and fictive (Jordan, Pratt & Menzies, 1979; Hoffer, O'Donovan, Pratt & Loeb, 1981)
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locomotion of high decerebrate cats, and the treadmill locomotion of conscious cats (Hofter et al.,
1987), it must be recognized that the adaptation so observed was attributable to a combination of
intrinsic and extrinsic (synaptic-input) properties of the test cells. In section 2.3.3 above, an
analysis was presented of some of Brownstone's (1989) data on high-decerebrate cats which
showed that the within-train adaptation that could be measured in his recording of motor-neuron
firing rate responses to intracellular-injected, intermittent current pulses, were obviated when the
preparation's midbrain was stimulated to elicit fictive locomotion. This finding, together with some
neuropharmacological evidence (e.g., Zhang & Kmjevic, 1987a) shows convincingly that it is
premature to discuss results like the present ones in the context of motor-neuron behavior
during movement. For this reason, discussion of the present results is limited to: previous work
on within- and between-train adaptation as intrinsic cell properties; intermittent firing and the Size
Principle; between-train vs. late adaptation; and the implications of the present work for future

studies on motor-neuron adaptation.

4.5.1 Within-train adaptation
Motor neurons in deeply anesthetized cats respond to 1.0 - 2.0 s intracellular current
pulses with a discharge pattern that is generally characterized by a few very brief (4 - 5 ms)
interspike intervals at current onset, with each successive interspike interval being longer than
the preceding one (Kernell, 1965a). These first few short intervals are followed by progressively
longer intervals, although the rate of this interspike interval lengthening siows dramatically after
the first second or so of discharge (Kernell & Monster, 1982a). In the present study, ten out of
thirty-two cells showed within-train adaptation, but this was not a prominent feature beyond the
first few interspike intervals. When present, within-train adaptation occurred very rapidly; it was
most clearly evident as a prolongation of the second interspike interval compared to the first, in

each stimulation cycle. its effects were generally not cumulative beyond the second or third
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interval in the train, as joint interval histograms for the second and subsequent intervals did not
reveal a tendency for lengthening of the i + 1th interval. These results are strikingly different to
those of Llinas & Lopez-Bameo (1988), who described a form of within-train adaptation in the
tectal neurons of the guinea pig slice preparation. in their work, the ftiring frequencies attained at
the onset of intermittent stimulation were, on average, over double those observed in the
present study on spinal motor neurons (Compare, for example, the firing frequency shown in Fig.
11 B1 in section 2.3.3 to that shown in Fig. 27A. The firing frequencies were > 50 Hz and < 10
Hz, respectively). Furthermore, the within-train adaptation observed in the tectal-cell work was
based on the intracellular activation technique which allows accurate measurement of initial
adaptation (cf. Kernell & Monster, 1982a) whereas the present spinal motor-neuron work
involved use of a cell-activation technique that precluded analysis of initial adaptation (Chapter 3). -
Viewed from this perspective, the within-train adaptation reported in this study may have some
biophysical interest with regard to mechanisms underlying the extracellular activation of CNS cells
(cf. Ranck, 1975), but it has no real functional significance (cf. comments on the time to peak

firing in the preceding chapter).

4.5.2 Between-train adaptation

The present results showed a decrease in the number of spikes and their firing rate/train
over the entire stimulation period; an effect that was more prominent in the F- than the S cells. It
is of interest to again compare between-train adaptation of this nature to the work of Llinas &
Lopez-Barneo (1988). They showed a decrease in the number of spikes/train during intermittent
intracellular activation of tectal neurons in the guinea-pig slice preparation. In their work, there
was a nearly 70% decline in the number of spikes over a 15-s period (see Fig. 12C). This dramatic
reduction in the number of spikes was severely attenuated when extracellular calcium was

reduced during the activation period. In this example from their work, the number of spikes
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increased slightly during the activation period then returned to near-initial levels at the end of the
activation period 40 s later. Adaptation in this case was attributed to a calcium-dependent
potassium conductance with slow kinetics. The relevance of the results of Llinds & Lopez-
Barneo (1988) to the present findings are again difficult assess given the vast quantitative

differences in the firing patterns observed in the two studies.

It was of interest to compare the magnitude of between-train adaptation observed in the
Llin4s & Lopez-Bameo (1988) work between the 1st and 36 th s of stimutation (i.e. Fig. 11 BY vs.
B36) to the on-average (and range) of magnitudes of between-train adaptation observed in the
present work between the peak firing/train and a time point 58 s later (i.e. Fig. 32). The difference
is quite striking: > 50 Hz for the typical tectal cell and < 10 Hz (2 - 45 Hz) in the present work. This
comparison, which does not take into account the relative strength of stimulation in the two
studies, is sufficient to demonstrate that while there are rough qualitative similarities in the
between-train adaptation observed in the two studies, there are also substantial quantitative
differences, with far more substantial between-train adaptation in the tectal cells than in the spinal
motor neurons.

A conservative position on the potential mechanism(s) of between-train adaptation
seems best at this time, because adaptation in spinal motor neurons has not been fully
characterized. The two mechanisms that have currently received the most attention are: 1)
summation of the conductance(s) governing afterhyperpolarization; and 2) sodium inactivation.
These and other mechanisms were reviewed in more detail in Chapter 2 and the Discussion
section of Chapter 3. For these various reasons, the main significance of the present results on
between-train adaptation was that the presently used technique: 1) provided a clear-cut
demonstration of the phenomenon; 2) showed that it resembled late adaptation to sustained
stimulation in several respects (vide infra); and 3) showed clear-cut differences in the magnitude
of the effect between F- and S cells. This latter difference (on average reduction in firing
frequency/train: F, 16.2 + 6.0 Hz vs. S, 5.8 + 3.1 Hz; viz. Fig. 38) could prove of particular interest
in the continuing evaluation of Henneman's (1957, 1977) Size Principle,

Although this study did not directly attempt to uncover the intrinsic mechanisms
governing late adaptation, an inference can be made from the present data regarding the

cumulative effects of repetitive discharge.
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The results of this and the preceding Chapter show that cells with a higher peak firing
frequency adapt more rapidly than those with lower peak frequencies. Kernell & Monster (1982a)
reported similar results and attributed their findings to "... some kind of cumulative after-effects of
many consecutive spikes”. The after-effects, and presumably adaptation, wouid be greater as
the number of preceding spikes increased. This was investigated in the present study by
comparing the response of the same cell to the different stimulation paradigms. With intermittent
stimulation there was 400 ms of rest in each 1-s cycle. Therefore, the number of spikes
accumulated at different rates in the two paradigms, even if mean firing frequencies during the
periods of activation were similar. Comparisons showed that the sustained stimulation produced
more adaptation than intermittent stimulation, when referenced to a similar number of
accumulated spikes in each condition. This suggested that the rate of spike production is

important in adaptation, as well as the total number of spikes produced.

4.5.3 Ihe Size Principle

The present study is the first to show clear relationships between two active properties of
motor neurons and some other well-known type (size)-related properties of motor neurons and
motor units during sustained (Chapter 3) and intermittent stimulation. For sustained stimulation in
the preceding study, both peak firing frequency and the magnitude of late adaptation were
shown to be significantly associated with each other, and each was also significantly associated
with axonal conduction velocity, twitch contraction time and peak tetanic force. Virtually the same
results were obtained in the present study for intermittent stimulation, except that in this instance
the association between the magnitude of between-train adaptation and twitch contraction time
was not significant. This may be attributable to the fact that intermittent stimulation dramatically

reduced the magnitude of between-train adaptation as shown in Fig. 38. The values reporied for
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between-train adaptation may not have provided a broad enough range needed to demonstrate
this association.

The above associations were shown for the full (F + S) population of motor units. In work
of this kind, it is more common to find a type(size)-related association between the parameters
when the unit population includes both F- and S cells (Stuart & Enoka, 1983). However, in the
present study, several subh associations were also bbsewed within the F- and S-cell groups. For
intermitterit stimulation these former associations included: F cells, peak tetanic force vs. peak
firing frequency, and peak tetanic force vs. between-train adaptation. For sustained stimulation
they included: S cells, conduction velocity vs. peak firing frequency, contraction time vs. 12. All
in all, the present results, together with those of Kernell & Monster (1982a,b) provide convincing
evidence that active firing-rate properties are as tightly coupled to the neuromechanical
properties of motor units as the more conventionally studied passive (e.g. input resistance) and
transitional (e.qg., rheobase) properties (cf. Burke 1981; Stuart & Enoka, 1983; Gustafsson &
Pinter, 1984a,b; 1985).

In the continuing debate on various facets of the Size Principle (for review: Henneman &
Mendell, 1981; Enoka & Stuart, 1984; Gustafsson & Pinter, 1985; Binder & Mendell, 1990), a
key issue has been to determine the combination of parameters that determine the functional
threshold of motor neurons for elicitation of a single action potential, rather than the more
functionally meaningful repetitive discharge that is required for sustained and intermittent muscle
contractions. For the conventionally studied, functional threshold, Stuart & Enoka (1983) have
argued that while both intrinsic and extrinsic properties come into play, the intrinsic ones
predominate (cf. also Gustafsson & Pinter, 1985), but not because of motor neuron size alone.
An intrinsic passive property seems critical: the unusually low specific membrane resistance of
the larger F cells (i.e. a type- but not necessarily size-related property; Kernell & Zwaagstra,

1981). Another critical factor might be the existence of some cell-type specific differences in
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rheobase (Fleshman et al. 1981), a property which our laboratory classifies as a transitional (i.e.,
passive-to-active) one. The results of Kernell & Monster (1982a,b) on sustained firing and the
present ones on both sustained and intermittent firing challenge the conventional relative
disregard for active properties in evaluation of the Size Principle. The present work, in particular,
has shown substantial differences in the firing-rate behavior of F- vs. S cells; ditferences that
should lead to the testing for cell-type differences in active properties that are akin to the
established differences in the passive property of specific membrane resistance and the
transitional rheobase property. Furthermore, the close associations shown between peak firing
frequency and late adaptation during sustained stimulation, peak firing frequency/train and
between-train adaptation during intermittent stimulation and several well-known type(size)-
related properties of motor units (i.e., axonal conduction velocity, twitch contraction time, peak
tetanic force) all point to a new opening in Size-Principle studies: the search for the biophysical

properties that underlie the type(size)-related active properties of motor neurons.

4.5.4 Between-train vs, late adaptation

Similar correlations were found for both intermittent (present study) and sustained
stimulation (Chapter 3) between the peak firing frequency and the drop in firing frequency 24 s
later (Fig. 32). In this report we have termed these adaptations between-train and late, for
intermittent and sustained stimulation, respectively. In agreement with the sustained intracellular
paradigm of Kernell & Monster (data replotted in Fig. 32A), units with the higher peak frequency
tended to show the most late adaptation to sustained stimulation. However, the peak firing
frequency/train tended to be higher during intermittent stimulation compared to the sustained
stimulation (Fig. 32 B vs. C; recall, however, that the intermittent rates included both singlet and
doublet discharge). Note however, that between-train adaptation was of a lesser magnitude than

late adaptation over the same time course of stimulation.



156

The present comparison of the response of the same cell to two different stimulation
paradigms is unique in the literature. Although an attractive feature of the present study, it
nonetheless has the attendant possibility that the cell response to later stimulation paradigms
may have been influenced by prior activation. At present, we have no quantitative data on
effects of prior activity on the cell's response to activation. We attempted to maximize cell
recovery by allowing 2 min rests between each stimulation paradigm (cf. Llinds & Lopez-Barneo,
1988; their Fig. 4). The present study actually incorporated four stimulation paradigms: 1 - 2)
sustained stimulation with and without the superimposition of pink noise and 3 - 4) intermittent
stimulation with and without superimposed noise. This dissertation reports data from sustained
and intermittent stimulation without the superimposition of noise. Future analyses (not part of the
present study), will compare the firing properties of the cells under the two sustained stimulation
paradigms, and the two intermittent stimulation paradigms. Although not a direct test, an
indication of the likely effects of prior activation on the cell's response can be gained by
comparing the responses to "similar" stimulation (i.e., with or without noise) following several
periods of activation and rest. The raw interspike interval time plots for each cell were qualitatively
similar under the two conditions, which would support the view that repetitive discharge
properties of the cells were not seriously impaired by preceding periods of extracellular activation.

Profiles of the ensemble discharges for intermittent vs. sustained activation were quite
different for the F cells but not for the S cells (Fig. 38). Differences for the F cells are likely to be
attributed in part to the 400 ms 'off' period that each cell experienced during the intermittent
activation compared to the sustained case in which cells were activated continuously. The ‘off’
period apparently allowed sufficient time for the cell to partly recovery from the underlying
adaptive processes which were taking place. Ensemble responses for the type S cells did not
differ between the intermittent and the sustained stimulation cases. The slower adaptive process
in type S cells were not retarded by allowing 400 ms rest each second. This emphasized the

intrinsic ability of type S cells to discharge continuously for extended periods without displaying

much adaptation.

This study clearly demonstrated that motor neurons show between-train adaptation
during intermittent activation and that this adaptation is more prominent in F- than S cells. Yet,
compared to sustained stimulation, intermittent stimulation allowed F cells to attain higher firing

frequencies/train and to maintain a higher mean rate/train during the activation period. Clearly the
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mechanisms underlying these adaptive properties are of great interest. The techniques for
studying these processes are becoming available given the recent advances in in vitro slice- and
tissue-culture preparations (e.g., Kow & Pfaff, 1989; Smith et al, 1989).

The present results beg the question of cellular mechanisms responsible for the
adaptation reported. These mechanisms could more easily be investigated using one of the in
vitro techniques rather than the in vivo approach used in the present study. However, one
important issue that could be readily addressed using the present in vivo approach would be the
role of extrinsic modulation (e.g., Brownstone, 1989; Hounsgaard et al. 1988a) on all the firing-

rate parameters that were analyzed in the present and preceding study.
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CHAPTER 5: A SUMMARY POSITION ON MOTOR-NEURON ADAPTATION IN
RELATION TO MUSCLE FATIGUE

Figure 39 summarizes selected experimental findings that contribute to an evaluation of
current understanding of motor-neuron adaptation and its relation to the sensory-feedback
hypothesis of Bigland-Ritchie and her colleagues (1986). This is of particular interest to this
laboratory, because the long-range goal of this study and the subsequent ones it prompts, is to
relate cellular mechanisms operating in the segmental motor system (for review: Binder &
Mendell, 1990) to the spinal and peripheral neuromuscular mechanisms of muscle fatigue (for
review: Stuart, 1989).

Shown in Fig. 39A is a typical result that prompted the hypothesis from Bigland-Ritchie
and co-workers (1986). The force developed by a conscious human is shown during a 40-s
maximal voluntary contraction (MVC): there was a 65% reduction in force while the effort
remained maximal; in other words, fatigue had set in. Concomitantly, the on-average discharge
was shown of motor neurons whose muscle units’ activity contributed to the contraction. The on-
average firing frequency dropped from about 33- to 18 Hz. Is this drop attributable to an inhibitory
spinal reflex (the sensory-feedback hypothesis), motor-neuron (late) adaptation, or both?

In Fig. 398 an analogous drop in firing rate (from 29 to 16 Hz) is shown for a hindlimb
motor neuron in the deeply anesthetized cat when it was subjected to 40-s of sustained
intracellular stimulation at a stimulus strength set a few nA above the threshold for rhythmic firing,
with a concomitant drop in motor-unit force of approximately 80% (Kernell & Monster, 1982b). it
was this similarity in cell firing frequency and force reduction (i.e, A vs. B) that prompted the
promulgators of the sensory-feedback hypothesis not to exclude the possibility that motor-

neuron adaptation could contribute to the firing-frequency reduction they observed in human
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motor units during fatiguing MVC (Bigland-Ritchie et al. 1986). However, the similarity between
the two sets of behavior (A vs. B) may be more apparent then real, as argued below.

Figure 39C shows our own confirmation of the B results. For a population of twenty type
F motor neurons (lower trace), the on-average reduction in firing frequency was shown to be
about 10 Hz (30- to 20 Hz), in response to 40 s of extracellular stimulation at 1.25 x the stimulus
threshold for rhythmic firing. (This record is a truncated version of data provided previously in Fig.
27A). This grouped data on motor-neuron adaptation to sustained stimulation gives creditability
to the generality of the single-cell example provided in Fig. 398 from the work of Kernell &
Monster (1982b). In addition, Fig. 39C (upper trace) also shows that eighteen of the same twenty
motor neurons of the presen_t study exhibited a relatively similar adaptation during intermittent
stimulation (i.e. 1/s trains, 600 ms duration) of extracellularly applied current; again set at 1.25 x’
the threshold for repetitive firing; for further details, see Chapter 4). Thus, Fig. 39 C both confirms
the generality of the Kernell & Monster (1982b) results and provided the added information that
late adaptation observed in cat hindlimb motor neurons during sustained stimulation has a
counterpart in the between-train adaptation seen during intermittent stimulation.

Only one study has addressed the possibility that both initial and late adaptation are
displayed by CNS neurons during intermittent stimulation. it involved intracellular recording from
guinea pig tectum (superior colliculus) neurons in a midbrain slice preparation (Llin4s & Lopez-
Barneo, 1988). A typical result is shown in Fig. 39 D: a cell's response to 0.7 Hz, 350 ms,
intracellular current pulses. The cell responded with bursts of impulses that exhibited a
progressively increasing initial (within-train) adaptation of firing in the first 36 s of stimulation (Dj).
There was also a reduction in the total number of spikes in each burst (DIJ) and their mean
frequency (DIll) thereby indicating an between-train adaptation like that shown for the cat motor

neurons in Fig. 39B - C.
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While conceding the paucity of the overall data base, it is nonetheless parsimonious to
assume that initial and late adaptation go hand-in-hand during intermittent stimulation, just as they
do in sustained stimulation. This argument in no way implies that the same mechanism(s) account
for both types of adaptation, of course (i.e., recall Fig. 8).

To this point, the experimental-animal data presented in this figure was obtained in either
deeply anesthetized preparations (Fig. 39B-C) or the unanesthetized slice preparation (D). In all
three instances, the firing properties analyzed were intrinsic to the studied cells: i.e., there were
no extrinsic (synaptic-input) influences present such as to complicate the analysis (cf. recall
2.3.5). As aresult, the adaptations shown in Fig. 398-D are probably attributable to alterations in
the potassium conductances that regulate the action potential’s afterhyperpolarization (Barrett et
al. 1980; Zhang & Krenjevic, 1987), and, possibly, sodium conductances as well (Lindsay et al.
1986; French, 1987, 1989).

Figure 39E is from the work of Brownstone (1989). El shows that afterhyperpolarization
was prominent in a cat hindlimb motor neuron'’s actions potentials, as activated intracellularly in
the decerebrate cat. In this instance, extrinsic influences were exerted onto hindlimb motor
neurons. Afterhyperpolarization was pronounced and an /nitial adaptation was displayed to the
intracellularly injected current pulses. However, Fig. 39E //further shows that when the extrinsic
influences were focused such as to elicit a fictive-locomotor rhythm in the motor neurons (i.e., as
achieved by sustained stimulation of the locomotor region of the midbrain), afterhyperpolarization
was dramatically reduced in the motor neuron’s discharge and there was no initial adaptation in
the response to the intracellularly injected current. Under these circumstances, it is likely that Jate
adaptation would be absent or greatly reduced during either intermittent stimulation or sustained
stimulation (vide supra). However, this challenging possibility remains to be demonstrated
experimentally. However, a variety of neurophysiological evidence reviewed above in Chapter 2,

supports this notion.
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In summary on these various points, were it not for the results of Brownstone (1989; Fig.
39E), and some recent neuropharmacological findings (Zhang & Krnjevic, 1987a,b), it would be
compelling to explain the results leading to the formulation of the sensory-feedback hypotheses
(Fig. 39A) as attributable to motor-neuron adaptation alone. Admittedly, such z;n interpretation
would not explain the compelling nature of the indirect evidence implicating sensory-feedback in
reduced motor-neuron firing during fatiguing contractions, as has now been obtained in two
laboratories, (Bigland-Ritchie et al. 1986; Woods et al. 1987; Garland et al. 1988b). However,
until proven otherwise, the proposition should be entertained that afterhyperpolarization, and its
obligatory initial and /ate adaptation (probably involving different mechanisms) of motor-neuron
firing are not features of motor-neuron discharge during voluntary contractions. As such, the
sensory-feedback hypothesis of Bigland-Ritchie and co-authors remains viable. From this
perspective, the main value of the present resuits for evaluation of the sensory-feedback
hypothesis is that they contribute to our understanding of the intrinsic features of motor-neuron

adaptation; features which must now be analyzed in the face of controlled extrinsic factors.
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Fig. 39. Summary of findings contributing to evaluation of the potential role of motor-neuron
adaptation in bringing about the reduced rate of motor-unit discharge observed during fatiguing

contractions.



Fig. 39. Summary of findings contributing to evaluation of the potential role of motor-neuron
adaptation in bringing about the reduced rate of motor-unit discharge observed during fatiguing
muscle contractions. A, Upper panel shows force developed by the human abductor pollicis
muscle during a m.v.c. sustained for 40 s. During the course of this contraction, the force
reduced by nearly 35% (i.e. from 125 N to 80 N). The lower panel shows the concomitant drop in
on-average firing rate of single motor units throughout the course of contraction. Each point is
the mean rate of a single spike train recorded from twenty-one single motor units, as based on a
single, 1-s average at various times throughout the course of the contraction. The on-average
firing rate dropped from 33 to 18 Hz (Bigland-Ritchie et al. 1983; modified from their Fig. 4A,B).
B, Motor-neuron adaptation in a cat hindlimb motor neuron and its motor unit's force reduction
over the same time span as in A. Upper panel shows the cell's firing rate response to intracellular
injection of a current 5 nA above the threshold for rhythmic firing. Note that the firing rate drop
(29 to 16 Hz) is equivalent to that shown for the human motor unit in A. The concomitant force
reduction of the cell's motor unit was from 100% to 20% (absolute values not available). Note that
an early-potentiation effect was present in the force record (cf. Gordon, Enoka & Stuart, 1990). In
contrast to the human m.v.c. record shown in A, the motor unit’s initial (100%) force would be well
below the peak tetanic force at an activation rate of 29 Hz (Burke, 1981). As a resuit, the Avs. B
comparison is not entirely valid. At peak motor unit force, peak initial firing would be greater than
in B, and there would be a correspondingly greater late adaptation (i.e. recall Fig. 8 above; see
also Kernell and Monster, 1982a, their Fig. 7). (From Kernell and Monster, 1982b; modified from
their Fig. 5). C, Profile of on-average late adaptation for cat hindlimb motor neurons during
sustained and intermittent stimulation. The mean firing frequency (averaged over 1-s epochs) for
20 type F celis were averaged and plotted vs. time during sustained and intermittent extracellular
stimulation for the same period as in A - B. For each unit contributing to the average, time is
referenced from the onset of spiking in that unit. The lower trace is for responses to sustained
stimulation at 1.25 x the threshold for rhythmic firing. Note that the magnitude of the late
adaptation is somewhat greater than that shown in B. The upper line corresponds to data from
intermittent stimulation, using 1/s, 600 ms duration pulses. Note that the magnitude of the
adaptation is slightly less than that shown in B. Both plots (C) are shown from the peak firing
rate(approximately 5 s after onset of spiking) to 40 s later, the initial increase in rate is not shown
(see Fig. 37A for details, Chapter 4). D, An example of initial and /ate adaptation of a CNS
neuron's response to intermittent stimulation. DI shows intracellular recording from a superior-
colliculus cell in a guinea pig midbrain slice preparation. The cell was stimulated with 0.5 nA, 570
ms duration puises delivered intracellularly at 0.7 Hz. Note that the first { 7) fourth (4) tenth (10)
and thirty-six (36) responses exhibited a progressively increasing intratrain (initia)) adaptation and
an intertrain (/ate) adaptation. The latter was revealed in a progressively decreasing number of
spike/stimulus train (/) and mean firing frequency/stimulus train (///). (From Llinds and Lopez-
Barneo; modified from their Fig. 2). E, Association between afterhyperpolarization and initial
adaptation during intermittent stimulation of a cat hindlimb motor neuron. Shown are data from an
anesthetized, paralyzed decerebrate cat preparation. E/ shows the response of a spinal motor
neuron (upper trace, /) to intracellular injection of a square-wave depolarizing current (35 nA, 470
ms duration). The middle trace (/) shows a portion of the intracellular record amplified in voltage
and expanded in time. The response is characterized by a clear-cut afterhyperpolarization of
action-potential discharge and a corresponding (obligatory) initial adaptation (lower trace, /). In
contrast, E// shows the response of the same cell when the preparation was elaborating fictive
locomotion, with rhythmic depolarizing excitation of the cell (upper trace, //) at approximately the
same magnitude and duration as that elicited by intracellular current injection (i.e. E/ vs. EII).
Note that in the fictive locomotor state, the cell's response is characterized by a reduction in the
appearance and magnitude of afterhyperpolarization {(middle trace, //) and a corresponding lack of
initial adaptation (lower trace, /). The membrane-potential deflection in the middle trace (//) does
not represent the true membrane-potential deflection, due to bridge-circuit imbalance. However,
this problem does not affect the present interpretations derived from the recording; namely that
afterhyperpolarization is necessary for the manifestation of initial adaptation, and that fictive-
locomotion suppresses the cell’s afterhyperpolarization. (From Brownstone, 1989; modified from
his Fig. 5; see also Fig. 10 in Chapter 2).
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CHAPTER 6:ADDITIONAL INFORMATION ON RELVANT
NEUROPHYSIOLOGICAL ISSUES

This chapter provides the reader with additional information on several concepts and
ideas which appear but are not necessarily describe in the text. Placing these items here serves
to lessen the shaeer volume of information contained in the main body of the dissertation while still
providing readers outside the neurophysiological arena with the necessary information needed

to understand the issues discussed in this dissertation.

6.1 MOTOR NEURONS AND MOTOR UNITS
The initial emphasis of this section is on the motor neuron itself, the latter focus is on

some of the nuances associated with its classification and that of motor units and muscle fibers.

6.1.1 Structural features of the motor neuron

Cat spinal a-motor neurons are located in the ventral horn (Rexed's lamina 1X) among
gamma motor neurons and interneurons. Lamina IX extends the length of the spinal cord, but is
especially well developed in spinal segments serving forelimb (cervical) ‘and hindlimb
(lumbosacral) musculature.

Diameters of motor-neuron somata range from 30 to 70 um (Zwaagstra & Kernell, 1981).
Attached to each soma are 5 to 22 dendritic projections (Aitken & Bridger, 1962; ave. 12,
Zwaagstra & Kernell, 1981) which branch progressively into finer dendrites and terminate at
distances in excess of 1.5 mm from the soma (Brown, 1981). A single axon emerges from the
soma as a conical protrusion called the axon hillock which adjoins a myelin-free region called the
initial segment (shown in Fig. 40). From the initial segment, the myelinated axon extends medio-

ventrally exiting the spinal cord 0.5 - 1.0 mm medial to the soma (Balthasar, 1952; Cullheim,
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Fig. 40. Structural features of spinal motoneurons. Upper panels, Photomicrographs (7,2) of a
cat spinal motoneuron (X 410 in 1; X 1900 in 2). The larger electron micrograph (2) features the
axon hillock (AH) and the initial segment (/S). Note the lack of the myelin sheath in the /S and AH
regions. (From Conradi, 1969; his Fig. 7 and 2.) Sketch, The various components of an entire
motoneuron. For further quantitative details see Zwaagstra & Kernell (1981).
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Kellerth & Conradi, 1977) where it joins a ventral root, ultimately ramifying into < 10 to > 2,000
axon collaterals in the muscle, each innervating a single muscle fiber.

Motor neurons also have 0 - 5 axon coliaterals which project to Renshaw cells in lamina
Vil. Coliaterals may also synapse on or near motor neurons in lamina IX (Cullheimn et al. 1977),
with fast-contracting, highly-fatigable units having the largest number of collateral swellings and

the fatigue-resistant (both fast and slow) motor units having a smaller numbers of collaterals.

6.1.2 Location within the spinal cord

Motor neurons supplying a single muscle are usually arranged longitudinally in a fusiform-
shaped group called the motor nucleus or the motor pool. These neurons are located in Rexed's
lamina 1X (Fig. 41). Individual motor pools occupy specific anatomical regions within lamina IX.
Romanes (1951) presented the first detailed account of this cellular arrangement in lumbosacral
enlargement ventral cord.

A summary diagram of Romanes' findings is shown in Fig. 41. Many electrophysiological
studies have made extensive use of these "maps", not only to guide microelectrode placément
into identified motor-neuron pools, but also for interlaboratory communication. As shown in Fig.
41, the medial gastrocnemius nucleus occupies the central region of lamina IX which is also
shared by motor neurons supplying the lateral gastrocnemius, popliteus, soleus, and tibialis
posterior muscles (Romanes, 1951).

In addition to the motor nuclei described by Romanes (1951), other neuronal elements
traverse the neuropil of lamina IX, including many interneurons whose projections are not well
understood. Some such interneurons project to motor neurons in the same lamina (Fu, Santini &
Schomburg, 1974; Fu & Schomburg, 1974) while others project to the opposite side of the cord
where they ascend (Matsushita, 1969, 1970) and contribute to the ventral spinocerebellar tract

(Jankowska & Lindstrom, 1970; Burke, Lundberg & Weight, 1971b). The dendrites of spinal
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Fig. 41. Cytoarchitectonic features and distribution of motor nuclei in the cat lumbosacral spinal
cord Upper panel, The 10 laminae of the spinal grey as revealed by the cytoarchitecture for
segments L7 and S4. Note that the motoneurons are distributed throughout the ventral horn of
lamina 1X (from Rexed, 1952; 1954). Lower panel, Rostral-caudal distribution of motor nuclei
supplying cat hindlimb musculature as revealed by chromatolytic experiments (from Romanes,
1951). Motoneurons supplying medial gastrocnemius are the test neurons for this project. Note
that MG motoneurons are located in spinal segments L7 and S1 (Romanes, 1951; Stauffer &

Watt, 1976).
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motor neurons may ramify beyond their own motor pools to dorsal regions of the cord (laminae V
and VI). These dendrites have also been observed in ventral and lateral regions of the white

matter (Brown, 1981).

Motor neuron cell density in the ventral cord (Lg - L7) has been estimated to be 1 - 2 per
100 um3. Neurons located in the ventral and ventrolateral parts of the grey matter are "few in
number, and mostly of the large multipolar type having maximum length of about 90 um and
maximum width of about 60 um"” (Aitken & Bridger, 1962). These cells are often separated from
their closest adjacent neuron by at least 100 um. Assuming an average motor-neuron diameter
of 65 um (Donselaar, Kernell & Eerbeek, 1986) the soma volume is approximately 144,000 um3.
Based on a density of 1 - 2 cells per 100 pm?3 the volume of lamina IX occupied by motor-neuron
somata ranges from 14 - 28%. Since medial gastrocnemius motor neurons are located within 'lhe
same territory as many other denervated hindlimb motor neurons the functional density of medial
gastrochemius motor neurons will be considerably lower than the above estimates. This reduced
density enhances the likelihood of isolating single medial gastrochemius motor neurons in this

study.

6.1.3 Motor neuron membrane properties and motor unit classification

Generally, motor neurons are classified into the four categories based on motor unit type
(see 6.1.5). Recent data has demonstrated a close association between muscle-unit mechanical
properties and the intrinsic motor-neuron properties (Zengel et al. 1985), but it remains to be
seen how well these findings will generalize to other motor-neuron samples from other
laboratories (cf. Hamm, Koehler, Stuart & Vanden Noven 1985; Powers & Binder, 1985a,b;
Vanden Noven, Hamm & Stuart, 1986).

Axonal conduction velocily is significantly greater for type F compared to type S motor

neurons (Burke et al. 1973; Stephens & Stuart, 1975; Fleshman, Munson, Sypert & Friedman,
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1981). In addition, conduction velocity is correlated with soma size, with the slowest conducting
axons attaching to the smallest diameter somata (Kernell & Zwaagstra, 1981).

Input resistance (Rr) varies significantly with muscle unit type in the order of S > FR > FF,
with mean input resistances of 1.6, 1.2, and 0.6 MQ respectively (Fleshman et al. 1981; Zengel
et al. 1985). Variation in R may play a role in recruitment order.

Membrane time constant (Tm) varies significantly with motor unit type in the order of FF <
FR < S with means of 5.9, 8.0, and 10.4 ms respectively. Across the entire pool of motor
neurons, Tm is highly correlated with Rn. However, no correlation was found between T,y and
type when examined within a specific motor unit population (Zengel et al. 1985). Since Tm
influences temporal summation of synaptic input, it may also be linked to recruitment order.

Rheobase varies significantly among motor-unit types in the order of FF < FR < S with
mean values of 21, 12, and 5 nA respectively (Zengel et al. 1985). These values reflect the
membrane sensitivity to depolarizing currents. Thus, for a constant depolarizing pressure
applied to entire population of motor neurons, type S motor neurons would be closer to
threshold than would the type F.

Perhaps the most thorough classification of motor neurons using specific membrane
properties, was done by Zengel ef al. 1985. Using discriminant analysis, these workers classified
mechanically-typed motor units based only on rheobase, input resistance, membrane time
constant, and afterhyperpolarization half-decay time of the respective motor neurons. Their
model properly classified 71/73 motor neurons, giving substantial credence to this method of

typing neurons.

6.1.4 Variations in metabolic properties with motor neuron type
Not only have associations between intrinsic membrane- and muscle-unit properties

been demonstrated, but variations in neuronal metabolic properties with unit type have also been
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reported. For example, glucose uptake occurs more rapidly in the nerve terminals of fast
compared to slow motor units (Pickett, 1980). A positive correlation was reported between the
proportion of fast twitch nerve terminals for three muscles tested (20% soleus, 60% diaphragm,
and 95% extensor digitorum longus) and the rate of D-glucose incorporation into those terminals.
However, no distinction was made between fast-oxidative-glycolytic muscle fibers (FOG) and fast-
glycolytic (FG) fibers. The functional significance of this finding is unknown but it is interesting to
speculate that glucose transport might bé tied rather closely to neuronal metabolism. Since the
slow-oxidative (SO) motor units are capable of sustained activity, the slow glucose incorporation
in S type terminals suggests that these units may have large energy stores such as glycogen or
lipid, or increase their glucose transport only when energetics warrant it. In contrast, type F nerve
terminals may utilize a more active transport system.

Additional evidence demonstrating metabolic differences between motor-neuron types
was presented by Sickles & Oblak (1984). Experiments, on rat motor neurons innervating
muscles composed of primarily one muscle-fiber type, showed differences in the levels of
nicotinamide adenine dinucleotide-diaphorase (NADH-D; a particularly good -indicator of the total
oxidative potential within a cell) among different motor neuron populations. Motor neurons
innervating the tensor fascia lata (TFL; 94% FG fibers) had the least oxidative capacity while motor
neurons innervating the soleus (84% SO fibers) had the greatest oxidative activity. Tibialis
anterior, with the highest observed percentage of FOG muscle fibers (66%) and the remainder
FG fibers, showed an intermediate NADH-D activity, in between that of TFL and soleus.

Another measure of oxidative capacity, succinate dehydrogenase (SDH), has also been
used to distinguish between F and S motor neurons (Donselaar et al. 1986). In ventral horn cells
of different sizes (within the range of a-motor neurons), heavier staining was found in smaller
compared to larger cells. The smaller cells had a greater oxidative capacity than larger cells, and

possibly a greater capacity to sustain longer bouts of activity.
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These studies suggest that small S-type motor neurons, contain the oxidative enzymes
and glycogen stores required to produce energy over extended periods compared to type F
neurons. However, the functional significance attributable to these differences remains to be

demonstrated.

6.1.5 Problems with classification of motor neurons

The possibility exists tor ambiguity to arise when classifying motor neurons based on
membrane properties alone. Using discriminant analysis, Zengel et al. (1985) classified
mechanically typed motor units based on selected membrane properties (vide supra). Selected
membrane properties were then compared to the mechanical classification data. A discriminant
analysis program determined that the most predictive membrane propetrties for classifying motor'
neurons into appropriate muscle-unit categories were input resistance and rheobase which
classified 91% of the motor neurons correctly. Without the muscle-unit properties, motor
neurons may be prone to misclassification (Reinking, quinson. Spielmann, Yuan & Stuart,
1987). The results of Reinking et al. indicate that some motor neurons were difficult to classify
when only input resistance, rheobase, and afterhyperpolarization half-decay time were used.
Although the classification criteria presented by Zengel and her colleagues provides a method
for predicting motor unit type based on motor-neuron membrane properties alone, the most

secure method of motor-neuron classification incorporates muscle-unit mechanical properties.

6.1.6 Clagsification of motor units and their muscle fibers

Compared to motor units, many more muscle fibers from different species have been
subjected to classification procedures. Two biochemically and histochemically based muscle-
fiber classification schemes are currently used. The first scheme makes use of histochemical

techniques (modified from Peter, Barnard, Edgerton, Gillespie & Stempel, 1972) and categorizes
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fibers based on metabolic (i.e., oxidative or glycolytic) and myofibrillar (i.e., myosin ATPase)
enzyme activities. Three fiber types can be distinguished with this method: 1) a presumed slow-
contracting fiber type which has high oxidative, but low glycolytic enzyme activities; 2) a
presumed fast-contracting type with a similar oxidative-enzyme profile to slow-contracting fibers
but also significant glycolytic activity and 3) a presumed fast-contracting type with low oxidative
enzyme activities and high-glycolytic. These fiber types are designated SO, FOG and FG
representing slow-oxidative, fast-oxidative-glycolytic, and fast-glycolytic respectively.

The second classification scheme, developed by Brooke and Kaiser (1970) has been
used in the clinical literature. The three fiber types recognized in this scheme are based on the
differential staining by a myosin ATPase-specific reagent and are designated type |, llA and 1IB.

These two classification schemes are not superimposable for all species however. This
disparity in classification has led to questions about their usefulness. In addition, since many of
the muscle fiber properties are mutable, development, disease, and usage can all influence the
state of the muscle and may lead to different results from the same muscle (for review see
McComas, 1977).

Table 5 summarizes the different classification schemes and shows the relationship
between motor unit types and the single fiber nomenclature. This relationship was revealed
using the glycogen-depletion technique (Edstrdm & Kugelberg, 1968). This technique allowed
a single, physiologically characterized, motor unit to be visualized (lightly stained) histologically
from the other unstimulated motor units (darkly stained) of the surrounding muscle. Studies such
as these have revealed that FF, FR, and S motor units are composed of FG, FOG, and SO muscle
fibers respectively. The F(int) motor units have been placed between the FG and FOG

classification (McDonagh, Binder, Reinking & Stuart, 1980a).
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TABLE 5. Summary of motor-unit classification schemes

Motor unit nomenclature FF F(int) FR S
Burke et al. (1973)

Single fiber nomenclature B (llAB)‘ A . i
Brooke & Kaiser (1970)

Peter et al. (1972) FG (F|)2 FOG SO

Summary of the nomenclature commonly used to classify mammalian motor units based on their
biochemical and physiological characteristics. Motor-unit nomenclature is based solely on
physiological parameters. Nomenclature in the other two schemes is based on biochemical and

histochemical techniques. For further review see Burke, 1981. Note: 1 terminology from Burke
(1981); and 2 terminology from McDonagh et al. (1980a).
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6.2 ACTION POTENTIALS, EXCITABILITY, AND CURRENT-FREQUENCY RELATIONS

6.2.1 The Action Potential

In cat spinal motor neurons, action potential amplitude is generally 75 - 85 mV when
evoked in healthy cells (Pinter, Curtis, & Hosko, 1983; Gustafsson & Pinter, 1984a). Whether
generated by antidromic invasion, synaptic excitation, or intra- or extracellular current injection,
the action potential has the same general profile, suggesting a similar spike initiation process
(Brock, Coombs & Eccles 1953; Coombs, Curtis & Eccles, 1957; Calvin, 1975; Gustafsson &
Jankowska, 1976).

Components A motor neuron is brought to threshold if the net excitatory synaptic input
is sufficiently strong. The action potential begins with an initial segment (IS or A) spike which not
only propagates along the axon toward the neuromuscular junction, but also passively invades
the soma resulting in the production of a soma-dendritic (SD) spike. The IS spike threshold is 10 -
20 mV positive to rest, substantially less than the SD spike threshold (Barrett & Crill, 1980). The
IS and SD spikes sum, producing the typical intracellular action potential (1IS-SD action potential
shown on the lefthand side of Fig. 42). Mouse spinal cord cultures (Catterall, 1981) have
revealed densely populated areas of voltage-gated Na* channels at the initial segment. This
anatomical data complements the physiological data implicating the IS region as the most
probable site of action potential initiation. The action potential has two distinct refractory periods
that are demonstrable if two short-latency stimuli are delivered to the peripheral axon. If the inter-
stimulus interval is shortened to approximately 2 ms the first antidromic action potential will show
both an IS and SD component (Fig. 42) but only the IS component of the second action potential
will be produced. The stimulus interval that eliminates the second SD component marks the
relative refractory period for the SD spike. if the stimulus interval is made sufficiently short, only

the first action potential will be recorded. The stimulus interval that completely eliminates the
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second action potential marks the absolute refractory period for the 1S spike. The absolute and
relative refractory periods for an action potential are approximately 1.8 ms for the IS and 4.0 ms for
the SD spikes (Brock et al. 1953, see their Fig. 5; Fuortes, Frank & Becker, 1957). These values
delineate the theoretical maximum discharge frequency for motor neurons (250 to 555 Hz; cf.
Marsden et al. 1983).

Following the depolarization there is a rapid repolarization, which drives the membrane
potential to a maximum of about 3.6 mV beyond the resting level. This hyperpolarizing potential
decays back to rest in an average of 60 msec for type FF motor neurons and 122 msec for type S
motor neurons (Zengel et al. 1985). This hyperpolarizing potential is called the
afterhyperpolarization (vide infra).

Conductances The rapid depolarization during the action potential is associated with two
fast, voltage-sensitive, inwardly-directed, and time-inactivated Na* currents: the IS and SD
currents. The voltage threshold for these currents vary such that the IS threshold is lower than
the SD threshold. Thus the IS current is activated before the SD current (Araki & Terzuolo, 1962;
Barrett & Crill, 1980). V

The rapid repolarization of the action potential is due, in pan, to a voltage-sensitive,
outwardly-directed, fast potassium conductance activated during rapid depolarization (Barrett et
al. 1980). Time-inactivation of the Na+ currents (responsible for rapid depolarization) also
contributes to membrane repolarization (vide supra; Fig. 8).

Following the rapid membrane repolarization a slow Ca2+-dependent potassium current
is activated which produces the afterhyperpolarization (Krenjevic, Puil & Werman, 1978). This
hypemolarization has a reversal potential consistent with the Nernst equilibrium potential for

potassium (Barrett et al. 1980).
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Antidromic

msec

Fig. 42 Demonstration of the refractory period of a motoneuron. The action potential on the left
was generated by antidromic stimulation. The action potentials on the right were generated by a
second antidromic stimulus delivered to the muscle nerve with a decreasing inter-stimulus interval
relative to the first. At approximately 5§ msec after the onset of the first action potential the soma-
dendritic component failed (large spike component). Additional reduction in the inter-stimulus
interval reduced the initial segment spike until the spike was completely abolished. (Modified from
Fuortes et al., 1957; their Fig. 7).
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6.2.2 Eactors influencing motor-neuron excitability

Mechanisms which control motor-neuron excitability can be divided into two categories:
1) those regulating synaptic efficacy due to the anatomical arrangement of presynaptic and
postsynaptic elements, and 2) those regulating intrinsic motor-neuron properties. There are also
interactive mechanisms (vide supra; Fig. 13) linking pre- and postsynaptic mechanisms.
However, as a first approximation, excitability can be thought of as the net effect of excitatory and
inhibitory synapses bombarding the membrane.

Synaptic efficacy Synaptic efficacy depends upon several factors, including the pre- and
postsynaptic elements and their interactions. Presynaptic elements include the number of
terminals per motor neuron, the amount of transmitter released per terminal, the nature of the
transmitter, and the spatial distribution of the terminals on the motor-neuron surface.
Postsynaptically, synaptic efficacy is determined by the total membrane area, receptor sensitivity
to neurotransmitter, synaptic driving potential, and the electrotonic length of the cell. The pre-
and postsynaptic elements interact with each other and influence synaptic efficacy based on
synaptic density (number of terminals per membrane area), average conductance change per
terminal, electrotonic attenuation and nonlinear interactions (Burke, 1881).

Several investigators have demonstrated that alterations in synaptic efficacy are
associated with motor unit type. Monosynaptic la EPSPs recorded from motor neurons tend to
be largest in slow-twitch muscle (e.g. SOL; Eccles et al. 1957a; for review Burke, 1981). A 10-
fold range of EPSP amplitudes has been reported in a single species of motor neurons during
group la activation (Burke, 1968a; 1981), suggesting a range of interactions between pre- and
postsynaptic elements. It has also been shown that a rather tight relationship exists between the
amplitude of the la EPSPs and motor unit type, fatigue resistance, and tetanic force (Burke,

1981). While the absolute amplitude of group la EPSPs may not be directly correlated with
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recruitment order it is possible that motor neurons with the largest EPSPs tend to associate with
the lower threshold S and FR motor units.

Intrinsic factors it seems plausible that one systematic means for the CNS to control
orderly recruitment would be modify the threshold of a cell. Systematic variation in absolute
voitage threshold among unit types might “force” the type S units to be activated first and the
more fatigable {ype FF units later. However, recent work by Pinter et al. (1983) failed to
demonstrate a relationship between voltage threshold and motor-neuron type. In addition,
voltage threshold was not related to input resistance, afterhyperpolarization duration, or motor-
unit twitch contraction time. However, significant positive correlations were found between
voltage threshold and resting potential. This relationship may be attributable to the quality of the
microelectrode penetration and the magnitude of the resulting depolarizing injury current (vide
supra). Thus, it appears that activation of a particular unit type co-varies with a property(s) other
than voltage threshold.

Although true biological variation of the resting potential among the different motor
neuron types cannot be entirely ruled out (cf. Burke & Nelson, 1971), a thorough investigation
into this issue has not been published. In a study done by Pinter et al. (1983), mean motor
neuron resting potentials for type S and F cells were 65.8 and 63.4 mV respectively, and were
not significantly different from each other. In addition, Gustafsson & Pinter (1984a) failed to show
a relationship between input resistance and membrane potential (see their Fig. 11).

Thus, the available evidence suggests that absolute voltage threshold and resting
potential are not intrinsic factors through which orderly recruitment is achieved.

Activation: routes for repetitive firing Motor neurons are activated by synaptic
bombardment from descending and reflex pathways. Experimentally, neurons may be activated
antidromically, synaptically, or with depolarizing intra- or extracellular current. Intuitively, no

qualitative differences in the action potential would be expected by these different methods and
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none have been reported (Gustafsson & Jankowska, 1976). Indeed, for a "full-blown" action
potential to be generated, sufficient depolarizing current must flow to the initial segment and
bring it to threshold, regardless of its origin.

Details of the membrane events leading to action potential generation differ for synaptic
and injected currents. Injected current activates voltage-gated conductances direcily whereas
synaptic activation occurs through transmitter-gated channels. However, when these receptor-
gated channels open, depolarizing currents flow and the membrane is brought to threshold
(voltage-gated channel activation).

In addition, differences also exist between extra- and intracellular stimulation. Intracellular
current injection depolarizes the membrane in a generally uniform manner. Extracellular current
injection tends to depolarize the membrane more locally (Gustafsson & Jankowska, 1976).
Despite these differences, intracellularly and extracellularly evoked action potentials appear to be
the same, suggesting that the mechanisms employed to generate the action potential in each

case are not different.

6.2.3 The stimulus current-firing frequency relationship during repetitive firing

A key feature of the stimulus current-firing frequency relationship of spinal motor
neurons is the concept of a primary and secondary range of firing, as summarized in Fig. 43.

Primary range of firing A detailed analysis of the relationship between discharge rate and
injected current was undertaken by Kernell (1965a,b,c). In this work, motor neurons were
stimulated with sustained depolarizing intracellular currents. The majority (56/89) of cat motor
neurons responded with steady discharge and were referred to as “continuously discharging
cells". The remainder of the cells (33/89) only generated single spikes or short bursts and were
referred to as "transiently discharging cells” (Kemell, 1965a). Only continuously discharging cells

were used in his analyses.
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When the firing rates were plotted against current strength for that cell, the resulting
stimulus current-firing frequency (f-) curve was approximately linear up to an average maximal
firing rate of 51 + 15 (range 30 - 84) spikes/s (n = 30; Kernell, 1965b). This linear portion of the f-I
curve was called the "primary range" of firing (Fig. 43).

Secondary range of firing In 14/30 motor neurons the f-1 curve showed a sharp upward
bend near the upper limit of the primary range (Kernell, 1965b). Even in this steeper portion of
the f-1 curve, the "secondary range" of firing, the relationship remained nearly linear. However,
some cells did not show a secondary range, and in others, the curve turned sharply downward
near the upper limits of the primary range. The slope of the f-I relationship changed from an
average of 1.7 imp/s/nA for the primary range to 4.6 imp/s/nA for the secondary range,
demonstrating an increased sensitivity between the primary and secondary ranges (Fig. 43).
These slopes were calculated from nine cells where sufficient data was collected in each range to
construct "reasonable" curves. The maximum steady discharge frequeﬁcy for these cells
averaged 125 + 38 (88 - 195) imp/s.

Determinants of firing rate Mechanisms cont}olling repetitive firing are not well
understood. Some of the mechanisms implicated in the regulation of repetitive firing include, but
are not restricted to: 1) initial segment accommodation; 2)somatic accommodation; 3) an
outwardly directed K+ current; and 4) inwardly directed calcium current (l;).

Briefly, the IS current is a rapid, transient, inwardly-directed sodium current evoked in an
all-or-none fashion when the membrane potential is stepped above threshold (vide supra,
Section 7.2.1; Araki & Terzuolo, 1962; Barrett & Crill, 1980). The IS current is seen only at the
onset of step or ramp currents in most cells studied during voltage-clamp experiments (Schwindt
& Crill, 1982). Many cells show repetitive IS firing over a limited range of voltage steps but the
firing is transient, with maximum burst durations of several hundred milliseconds. Some cells do

not show any IS current during slow ramp voltage-clamp, suggesting that the initial segment may
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Fig. 43. Comparison of the primary and secondary ranges of motoneuronal firing. Two different
periods of the repetitive discharge train were used to generate each curve. The left-most curve
represents the instantaneous frequency for the first inter-spike interval measured at the onset of
current injection. The right-most curve represents the mean discharge rate during the steady
period of firing (generally measured between 1.0 -1.5 or 1.5 -2.0 s) after current onset. (Modified

from Kernell, 1965b; their Fig. 8).
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accommodate completely (one cell in Schwindt & Crill, 1982). These data suggest that the initial
segment, like the motor axon, is unable to sustain rhythmic firing and accommodates to slow
depolarizing currents. If a particular cell displays accommodation, discharge rate may be slowed
due to the increased time required to reach threshold (see Schwindt & Crill, 1982; their Fig. 6A
and 6D). These data reinforce the role of the afterhyperpolarization in "resetting” the
accommodation that may occur during sustained depolarizing pressure.

Sodium inactivation (responsible, at least in part, for the observed accommodation)
increases dramatically as the motor neuron is depolarized, ranging from 0 - 10% inactivation at
resting potential (Schwindt & Cirill, 1982) to near 50% inactivation for cells firing in the secondary
range or equivalent rates in "primary-range only" cells. The degree to which a motor neuron
exhibits sodium inactivation may be an intrinsic property which strongly associates with a particular
motor-neuron type (i.e., F vs. S).

Somatic accommodation is reflected in the recording of the rate of rise in the action
potential. In fact, using this method, motor neurons have been classified into two categories
based on their degree of accommodation (Schlue, Richter, Mauritz & Nacimiento, 1974a,b).
Slowly accommodating motor neurons show a decrease in the rate of rise of the action potential
only when the membrane potential is considerably depolarized from rest. Rapidly
accommodating motor neurons show marked reductions in the rate of rise of the action potential
to small membrane depolarizations. Although these cells were not type identified, it is intriguing
to speculate that the slowly accommodating motor neurons might be type S cells and the rapidly
accommodating type F. if data is presented supporting this notion then a sustained depolarizing
synaptic input would produce tonic discharge in type S and phasic discharge in type F motor
neurons.,

Presently, the most convincing evidence in support of this notion comes from Burke &

Nelson (1971). In this study ramp currents were injected into type-identified motor neurons, only
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2 of 18 S motor neurons accommodated whereas 11 of 22 F motor neurons accommodated.
Differences in accommodation between F and S cells were significant and did not appear to be
due to type-specific impalement induced injury.

Unfortunately, Schlue and his colleagues (1974a,b) did not cite nor comment on the
relevance of the Burke and Nelson work (1971) to their own. Had the Schlue work included type-
identified motor neurons our understanding of mechanisms regulating motor neuron discharge
in different unit types would be enhanced.

Accommodation has also been reported to cause a decrease in the rate of rise of the
action potential (Schlue et al. 1974a,b). Such a change in the action potential may be
responsible, in part, for the slowing in firing rate seen in these cells over long periods . For 30 s
discharge epochs, a shortening and broadening of the action potential has been observed (vide
supra; Lindsay et al. 1986). Unfortunately these authors did not include information comparing
unit type to accommodation.

Not only does initial segment and somatic accommodation affect firing rate, but changes
in potassium conductance may contribute as well. Differences were observed in current-voltage
plots between slowly vs. rapidly accommodating motor neurons (Schiue et al. 1974b). These
difference may be attributable to the decreased input resistance seen in rapidly accommodating
motor neurons, due to an increase in potassium conductance. In contrast, slowly
accommodating motor neurons showed a constant input resistance to linearly rising currents
suggesting that the potassium conductance was unchanged.

Firing rates may also be influenced by an inwardly directed current activated under
specific conditions. At faster firing rates the pacemaker potential (membrane potential between
rhythmic spikes) traverses a voitage range which activates the persistent, inward calcium current

(li; Schwindt & Crill, 1980a,b,c; 1982). It has been suggested that this current counters the
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affects of the outwardly directed potassium current during rapid firing, resulting in a shift of the
pacemaker potential to a more positive level and thus a higher firing rate.

In addition to the four items mentioned above, other, less well defined factors may also
influence firing rate but the épecifics of their relationship to mammalian motor neurons is lacking.
These factors inglude but are not restricted to: 1) shifts in membrane potential due to unspecified
factors; 2) activation/termination of K* currents yet to be described in these motor neurons (many
different K+ channels have been described in other excitable cells (Hille, 1984)); 3) ion
accumulation (especially K* in the extracellular environment that would depolarize the

membrane; and 4) changes in extracellular Ca2+ that could affect excitability and/or ;.
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CHAPTER 7: LIST OF RELEVANT TERMS AND CONCEPTS

For the reader's convenience, definitions and concise descriptions are provided for
many of the terms and concepts used throughout this dissertation. Other definitions are

provided which may be required for the interpretation of the results.

7.1.1 Absolute voltage threshold: The difference between the extracellular potential and the
membrane potential at the onset of the initial segment spike. The absolute voltage threshold did
not vary with cell type (S vs. F) when action potentials were evoked by dorsal root stimulation

(Pinter et al. 1983).

7.1.2 Agcommodation: An increased threshold (decreased excitability) caused by either a ramp
or a subthreshold sustained current injection. Accommodation represents a decrease in the
population of sodium channels available to open. Motor neurons show accommodation but to a

lesser extent compared to motor axons (vide supra).

7.1.3 Action potential: A transient membrane depolarization produced by excitable cells. In
motor neurons, this potential is actively (non-decrementally) propagated from the cell body along
the axon to the presynaptic terminal(s) (3.6.2).

Spike height: The amplitude of an action potential measured (in mV) from the resting
potential to the peak of the depolarization.

Refractory period. Two such periods accompany an action potential. Absolute refractory
period is that time immediately following the peak of the action potential when the cell is incapable
of generating a second action potential regardiess of the stimulus strength. The relative

refractory period immediately follows the absolute refractory period continuing to that time when



185

the membrane potential returns to the resting potential. During this period a suprathreshold

stimulus can excite the cell.

7.1.4 Afterhypemolarization (AHP): The membrane potential overshoot that immediately follows
an action potential. Depending on motor neuron type, this overshoot lasts 30 - 150 ms before
returning to baseline. |

AHP amplitude: A measure of the absolute magnitude of the afterhyperpolarization,
measured from rest to the peak of the afterhyperpolarization.

AHP half-decay time: Component of the afterhyperpolarization measured by finding the
peak of the afterhyperpolarization and measuring the time required for it to decay to one-half that

value.

AHP duration: Time from when the falling phase of the action potential crosses baseline

{resting) to when it decays back to the resting level.

7.1.5 Calcium current; role in repetitive firing: A persistent inward current (l;j) activated
approximately 10 mV positive to rest, well below the activation threshold for somatic sodium
conductance. Activation of lj is thought to provide the current responsible for generation of the
secondary range of firing (Schwindt & Crill, 1982). In voltage clamp studies, the onset and
amplitude of this current is proportional to the magnitude of the voltage steps, with maximum
activation at voltage steps 20 to 30 mV positive to rest.

Two lines of indirect evidence indicate that Ij is carried by Ca2+: 1) lj remains after the
sodium conductance is pharmacologically blocked, and 2) this current is enhanced by external

iontophoresis of Ba2+.
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7.1.6 Calcium: role in potassium conductances: Considerable indirect evidence suggests that

both Iks (slowly developing potassium conductance) and I (rapidly developing potassium
conductance) are calcium-mediated potassium conductances rather than voltage-sensitive
conductances. During voltage clamp experiments, IKks and IKf were both blocked by the
extracellular application of calcium-blocking divalent cations (Co2+, Mn2+, and Ni2+). Intracellular
application of the calcium chelator EGTA or the extracellular application of divalent ions, during
current clamp, selectively depressed afterhyperpolarization amplitude, but neither affected spike
duration. Spike duration was insensitive to large changes in IK¢, but afterhyperpolarization was
sensitive to changes in Ikg, It appears that intracellular Ca2+ levels alter IKs to a greater extent
than Ikt (Schwindt & Crill, 1984). Although a complete understanding of calcium meditated K+
conductances has not been achieved, our understanding of these conductances is continually

advancing.

7.1.7 Critical firing level: Critical firing level (CFL) can be thought of as the synaptically evoked
equivalent of rheobase current. CFL reflects the threshold for motor neuron activation to reflex
stimulation. When dorsal roots stimulation was progressively decreased, a level was reached
when the motor neurons under study failed to be activated. Cell discharge was monitored with
either an intra- or extracellular electrode. The amplitude of the muscle nerve response when the
motor neuron is just at threshold represents the CFL for that cell and its rank (recruitment) order

within the motor neuron pnol (Goldberg & Clamann, 1977).

7.1.8 Delaved depolarization: The inflection point often seen on the falling phase of the action
potential due to a delayed depolarization. Two theories are currently being entertained to explain
this depolarization. One suggests that delayed depolarization is due to active spike-generating

processes located in the dendrites (Nelson & Burke, 1967). The other suggests that delayed
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depolarization is due to a residual depolarization from the initial-segment spike (Baldissera,
1976). However, more recent evidence from rat motor neurons suggest that delayed
depolarization is due to an increased Ca2+ conductance, the same conductance responsible for

activating the K+ conductance of the AHP (Harada & Takahashi, 1983).

7.1.9 Electrotonic_length: Electrotonic length (L) describes a passive decay in membrane
potential that occurs at sites distal to a point source current. L is described by the equationL = //
A: where [ is the actual length of a uniform conductor and A, the space or length constant, is

calculated from the following equation:

A=V(m/ro+1) where : 1o = extracellular resistance
rj = intracellular resistance
rm = membrane resistance

7.1.10 lnput resistance: Input resistance (RN) equals the resistance per unit area of membrane

(specific membrane resistance) divided by the size (total surface area) of the neuron.

7.1.11 Membrane time constant: This constant (T} is the time it takes the membrane voltage to
reach 63% (1 - e'1) of its final value in response to an injected current step (Im). Since the
membrane has both a resistive (Ry) and a capacitive (C,,) component it responds to the current
step much like an RC circuit. When the membrane is activated by a transmembrane current step

the voltage changes exponentially described by the following equation:

V=ImRm@-eTm) where Tm= RmCm

7.1.12 Potassium conductance: Resting membrane potential is primarily attributable to the
resting potassium conductance which is greater than any other resting conductance. As a result,

the resting membrane potential lies near the K* equilibrium potential.
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Two separate outward potassium currents are activated during an action potential, one
assists in the rapid repolarization of the membrane and the other produces the
afterhyperpolarization (Barrett et al 1980). The first current is an outwardly directed, fast
potassium current (lkf), activated at approximately 30 mV positive to rest with a time constant of 1
to 5 ms. It contributes to the rapid falling phase of the action potential. The second is a slow
activating potassium current (lks), with a much longer time constant than lgs. This slow potassium

current is responsible for afterhyperpolarization.

7.1.13 Resting potential: This potertial (Viy), is a measure of the difference between the intra-

(Vj) and extracellular potential (Vo}; Vm = Vi - Vo. For cat motor neurons, Vi ranges from -55 to -

83 mv.

7.1.14 Rheobase: Describes the least amount of current required for stimulation with long-

duration current pulses.

7.1.15 Sodium conductance: The resting (passive) sodium conductance is very low in motor
neurons and not a major contributor to the resting potential. Vi is unaffected by the external
application of tetrodotoxin {a pharmacological agent used to block Na* channels). A voltage-
sensitive sodium conductance is responsible for the depolarization phase of the action potential

{vide supra).

7.1.16 Specific membrane capacitance: Measurement reflecting the ability of the membrane to

store charge (i.e., capacitance). It is defined as the capacitance of 1 cm2 membrane surface area
and is reported in farads/cm?. The specific membrane capacitance for cat spinal motor neurons is

reported to be 1 pF/cm2 (cf. Discussion in Gustafsson & Pinter, 1984a).
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7.1.17 Specific membrane resistance: Resistance measurement for a 1 cm2 portion of reported
in Q cm2. Typical values of specific resistivity for cat spinal motor neurons range from 2500 -
7500 Q cm?2 (Gustafsson & Pinter, 1984a). Current evidence suggests that the variation in
motor-neuron size is not sufficient to account for the observed range of input resistance. Rather,
input resistance 'variation is better accounted for by the variation in specific membrane resistivity

(Gustafsson & Pinter,1984a; 1985).
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