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SUMMARY

1. In anaesthetized cats, thresholds for long (rheobase) and brief duration current
pulses have been obtained from spinal motoneurones and compared with other cell
parameters and membrane properties.

2. Rheobase showed only weak over-all relationships with conduction velocity and
with cell size, estimated as the total capacitance of individual motoneuronal
equivalent cylinders. Rheobase showed a clear tendency to vary inversely with
after-hyperpolarization (a.h.p.) duration and was strongly correlated with the input
conductance and with the inverse of the membrane time constant. However, the range
of rheobase current exceeded that of input conductance by almost a factor of 2.

3. Part of this range discrepancy arose because threshold depolarization tended
to increase with rheobase current. Thus, among motoneurones grouped according to
rheobase magnitude (three groups), those within the lowest rheobase group had
threshold depolarizations about 6 mV on average lower than those within the highest
rheobase group. Even though this difference was not directly related to resting
potential differences between the groups, further analysis suggested that it may have
arisen secondarily to impalement-induced depolarization.

4. The finding that experimentally estimated threshold depolarizations in individ-
ual motoneurones were generally larger than those predicted by the product of in-
put resistance and rheobase indicated that a subthreshold rectification process also
contributed to the range of rheobase. The difference was largest in the low-rheobase
group and smallest in the high-rheobase group. Because these differences were
proportional to the differences in input resistance between the separate motoneurone
groups, it is suggested that the magnitude of the current underlying the rectification
process does not differ systematically among motoneurones.

5. Within groups of motoneurones classified on the basis of rheobase or a.h.p.
duration, significant correlations existed between rheobase current and input con-
ductance. An analysis of variance indicated that even within such functional
subgroups of motoneurones, rheobase was appreciably better correlated with mem-
brane time constant than with estimated cell size.

6. Although showing a range approximately half that of rheobase, the brief current
threshold was similar to rheobase in its relations with total cell capacitance, a.h.p.
duration and the inverse of membrane time constant. An analysis utilizing compart-
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mental models of individual motoneurones showed that the range of brief-pulse
threshold could be explained on the basis of variations in neuronal surface area,
dendritic geometry and experimentally observed threshold depolarizations.

7. The variation of the rheobase/brief-pulse threshold ratio conformed rather
closely to that expected from the membrane time constant. However, this was to some
extent fortuitous, the effect of subthreshold rectification being in part cancelled by
a time-dependent change in voltage threshold.

8. It is proposed that the variation of excitability both across the motoneurone
pool and within functional subgroups is governed chiefly by the variation in specific
membrane resistivity and other membrane properties that co-vary with resistivity.
Cell size itself, and factors co-varying with it, appear to play a more limited role.

INTRODUCTION

Evidence has been presented previously showing the existence of a systematic
variation in intrinsic, largely size-unrelated, cellular properties determining input
resistance among cat spinal motoneurones (Gustafsson & Pinter, 1984). It may be
expected that this variation will function importantly in deciding the range of
motoneurone excitability in response to synaptic currents. Nevertheless, existing
evidence indicates that the range of motoneurone input resistance does not account
for the larger range in excitability as measured by rheobase current (Fleshman,
Munson, Sypert & Friedman, 1981). It isalso known that certain types of motoneurones
innervating fast-twitch muscle exhibit a rise in current threshold during applied
current ramp stimulation (Burke & Nelson, 1971). Such results suggest differences
in active cellular properties determining threshold conditions for spike initiation
which may be related to the functional aspect of particular motoneurones (Fleshman
et al. 1981), such as seems to be the case with passive membrane properties
(Gustafsson & Pinter, 1984). One may imagine at least two ways in which such
differences could arise. Since spike generation in motoneurones is initiated by a spike
in the initial segment, it is evident that any systematic differences in threshold
properties there will affect the over-all range of motoneurone excitability (Pinter,
Curtis & Hosko, 1983). Conductance processes located in the soma-dendritic region
which may be activated subthreshold to the initial segment spike also need to be
considered since they could affect the absolute amount of current needed to evoke
motoneurone firing but not necessarily the initial segment voltage threshold.

The present paper describes experimental results concerning the factors underlying
variation of rheobase current threshold among cat motoneurones. In order to obtain
threshold currents unaffected by differences in specific membrane resistivity and
time-dependent changes in threshold conditions, thresholds for very brief current
injections at the soma have also been determined and have been compared with
rheobase currents obtained from the same cells. The results support the notion that
intrinsic differences in threshold conditions unrelated to cell size exist for both types
of activation among cat motoneurones and that the differences are probably related
to motoneurone function.
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METHODS

Data presented in this paper were obtained during experiments described previously (Gustafsson
& Pinter, 1984), and that paper can be consulted for details concerning preparation and general
experimental conditions and procedures regarding the measurements of motoneurone passive
properties. Only procedures directly related to measurement of current threshold will be presented
here.

Following impalement and a period of membrane potential stabilization, current thresholds for
0-5 ms depolarizing pulses were obtained. Spike amplitude at the time of threshold measurement
was determined after increasing the current strength in order to minimize the initial segment—
soma-dendritic spike delay. Threshold for long (50-60 ms) depolarizing pulses was determined next
whereafter the short pulse measurement, as well as the spike amplitude measurement, was repeated.
To obtain repeatable estimates of these thresholds, stable resting potentials were found to be
absolutely necessary. Changes in either resting or spike potentials were reflected in changes of the
current thresholds, most clearly in the short pulse threshold probably due to its numerically greater
value and its smaller sensitivity to concomitant changes in input resistance and time-dependent
conductance processes. Rheobase data presented here represent values that were bracketed by
essentially identical short pulse threshold values obtained at the highest resting potentials observed
in particular motoneurones.

The ultimate aim of an investigation such as this is to establish the current and voltage thresholds
present in motoneurones at membrane potentials unaffected by synaptic activity and changes
induced by micro-electrode impalement. While the first factor might be minimized by using heavily
anaesthetized animals, the second factor is, as shown in the preceding paper (Gustafsson & Pinter,
1984), likely to have lowered the membrane potentials from pre-impalement levels. Since threshold
values in an individual cell varied with changes in resting potential (see Results), the values given
here are likely to be underestimates. On the other hand, the more direct aim of the present study
was to compare threshold properties of motoneurones of different types, and it would seem sufficient
to establish that a factor such as micro-electrode-induced damage has not introduced any selective
bias to a particular motoneurone type. The state of the cells at the time of measurement of threshold
values was assessed from the spike amplitude, the requirement being values exceeding 80 mV, or
for cells with high resistance and long after-hyperpolarization (a.h.p.) durations, generally above
85 mV due to their larger action potential overshoots in comparison with the other types of
motoneurones (Kuno, 1959; Burke & Nelson, 1971 ; Pinter et al. 1983).

In a majority of the motoneurones, membrane potential was followed on a Grass polygraph. The
membrane potential at the time of threshold measurements was assessed from the absolute
membrane potential measured following withdrawal of the micro-electrode from the cell, under the
assumption that the extracellular reference potential measured had remained constant between the
threshold measurements and the pipette withdrawal. These membrane potentials averaged
—736 mV (—67 to —83 mV, n = 91) and the corresponding spike amplitude was 91-4 mV which
was close to the average spike amplitude of 90-7 mV for the whole population of neurones (n = 153).
The overshoot amplitude of 17-8 mV (91:4-73:6) at the time of threshold measurements was also
close to that of 18:3 mV (89:5-71-2) obtained when using spike amplitudes and membrane potentials
measured just prior to pipette withdrawal (n = 116, spike amplitude > 80 mV). These results
suggest that the membrane potentials at the time of threshold measurements should be reasonably
correct and that the value of 73:6 mV approximates that of the whole population of cells. This value
should be compared to probable pre-impalement resting potentials of —80 mV or more (Brock,
Coombs & Eccles, 1952; see also Jack, 1979; Gustafsson & Pinter, 1984).

In order to assess the degree of variability introduced into the threshold measurements by factors
such as micro-electrode-induced injury, threshold values and other parameters have been compared
with membrane potential and spike height. Of these two measures, the membrane potential would
seem the most directly relevant, but is presently not available for the whole population of cells
and its estimation may also be affected by problems related to variations in tip potentials. The
spike height values are less affected by these technical problems and are available for the whole
population of motoneurones. It is, on the other hand, not certain to which extent spike height can
be used as an accurate measure of membrane potential. A linear regression between membrane
potential and spike height, using values obtained just prior to pipette withdrawal, gave a significant
correlation (r = 0-68) with a slope of 0°73 mV/mV (spike height/membrane potential) (n = 116,
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spike height > 80 mV), but the plot showed a considerable scatter of spike height amplitude for
a given membrane potential. As will be described in the Results section the motoneurones were
subdivided into three groups, roughly corresponding to motoneurones projecting to types f.f. (I1I),
f.r. (IT) and s. (I) muscle units, respectively (Burke, 1981). When examined separately for these
three groups of motoneurones, the overshoot averages were 16:3 mV (I1I), 184 mV (II) and 206 mV
(I). This variation in the overshoot between different types of motoneurones (see above) may thus
be partly responsible for the scatter in the over-all membrane potential-spike height relation. The
membrane potential-spike height relations also differed between these groups, the slopes being 1-14
(I, »=081;n = 38),099 (II, r = 0-81; = = 37) and 0-54 (III, r = 0-58; » = 41). The scatter of spike
heights for a given membrane potential was however still considerable. It is thus clear that spike
height should be used with some care as a measure of membrane potential, especially when used
for the whole population of motoneurones. One may on the other hand not exclude that errors in
the membrane potential measurements underlie part of the scatter.

Correlation coefficients given in the Results section were calculated according to a least-squares
method (linear). Mean values are presented +s.p., and unless otherwise stated correlation
coefficients were significant at P < 0-001.

RESULTS
Relation between rheobase current and estimated cell size

The current magnitude necessary to depolarize from resting potential to the critical
firing level using long (50-60 ms) current pulses injected through the recording
micro-electrode was examined in 153 motoneurones with stable spike amplitudes
exceeding 80 mV. This rheobase current varied in magnitude from around 2 to 32 nA,
as illustrated in Fig. 1 A. In Fig. 1 B and C rheobase current values are plotted against
spike height (B) and membrane potential (C) and it may be seen that this variation
in current was present at almost any given spike height or membrane potential,
suggesting that the width of the distribution was minimally related to resting
potential differences among the motoneurones. When plotted against membrane
potential, rheobase current showed a significant correlation with resting potential,
as expected from examinations of individual cells (see Methods). The correlation was,
however, weak (r = 0-35; n = 91), suggesting that about 90 9% of the rheobase current
variation observed among the motoneurones was independent of membrane potential
variations.

In principle, one might expect this variation to be related to size differences among
the motoneurones, those with smaller size having a correspondingly higher input
resistance and smaller rheobase current. As shown previously (Gustafsson & Pinter,
1984), one may obtain an estimate of the cell surface area by calculating the total
capacitance of individual motoneurone equivalent cylinders, and in Fig. 24 this
parameter has been plotted against the rheobase current. It can be observed that the
current values tend to be small for the very smallest cells, and higher for the very
largest ones, the over-all correlation being significant (r = 0-47; n = 95). However,
the range of rheobase currents greatly exceeds that of the estimated sizes, and over
most of the size range there is little systematic relation between rheobase current and
cell capacitance, the whole range of rheobase current values present at almost any
given size. The same kind of relation can also be seen when plotting rheobase current
against another tentative index of cell size, the conduction velocity (Fig. 2B)
(Cullheim, 1978; Kernell & Zwaagstra, 1981) or when using data only from moto-
neurones projecting to one group of muscles (Fig. 2" and D). Since there was no
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Fig. 1. Rheobase currents in motoneurones. A, distribution of the values for rheobase
current. B and C, rheobase currents plotted against spike height (B) and membrane
potential (C).

correlation between estimated cell size and membrane potential or spike height (not
illustrated), these results suggest that motoneurone size itself is of limited importance
in determining the over-all variation of rheobase current.

Relation between rheobase current and input conductance

As mentioned above, motoneurone input resistance (or input conductance) should
be an important determinant of threshold for long duration excitatory currents such
as rheobase. One may suppose that if threshold depolarizations (the difference
between resting potential and firing level) were identical over the motoneurone pool,
and if the membrane behaved linearly within this voltage range, then rheobase
current and input conductance should be linearly related, with the slope providing
the average value of threshold depolarization. Experimentally obtained values of
input conductance and rheobase current are plotted in Fig. 34. It may first be
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observed that there exists a clear positive correlation between rheobase current and
input conductance (r = 0:90; » = 153). Moreover, the slope of the regression line
(19-7 nA/uS) suggests that threshold depolarizations for rheobase are considerably
higher than indicated in previous reports (cf. Pinter et al. 1983). In general agreement
with the results by Fleshman et al. (1981), the range of rheobase current exceeds that
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Fig. 2. Relations between rheobase current and cell ‘size’. 4 and C, rheobase current
plotted against total cell capacitance, for all cells (4) and for triceps surae motoneurones
only (C). B and D, rheobase current plotted against axonal conduction velocity for all
neurones (B) and for triceps surae motoneurones only (D).

of input conductance; in the present material the difference was almost 2-fold.
Comparison of the spread of data points with the least-squares regression line
provides some information concerning how this range discrepancy may arise. It may
be observed that the data points from motoneurones possessing the lowest rheobase
currents tend to fall below the line and that this tendency diminishes as both rheobase
and input conductance increase. This tendency was sufficient to cause the Y intercept
to deviate significantly from zero (P < 0-001). It is thus apparent that rheobase and
input conductance are not linearly related in the strictest sense. The data suggest
that either threshold depolarizations are systematically lower among motoneurones
possessing low rheobase current or that the motoneurone membrane does not behave
linearly between the resting and threshold potential level, these alternatives being
of course not mutually exclusive. There is no indication that these results are the
consequence of using values from motoneurones projecting to different muscles. As
shown in Fig. 3C, values taken from triceps surae motoneurones on the one hand
(filled circles) and motoneurones to hamstring + instrinsic foot muscles on the other
(open circles) are practically superimposable, and the correlations within these groups
are statistically indistinguishable.
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As shown by Gustafsson & Pinter (1984), the over-all range of motoneurone input
resistance is approximated by the range of membrane time constant, and the two
parameters are well correlated. A large proportion of the over-all variation of input
conductance of motoneurones is thus likely to be explained by variation in specific
membrane resistivity rather than size. Correspondingly, a good relation was observed
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Fig. 3. Relations between rheobase and input conductance. 4 shows relation for all cells.
The dotted line represents the least-squares regression line. B illustrates same plot with
motoneurone subgroups indicated and C shows the relation for triceps surae, hamstring
and intrinsic foot muscle motoneurones with symbols as indicated. D, relation between
rheobase and the inverse of membrane time constant. E, plot of rheobase against a.h.p.
duration.

when rheobase current was plotted against the inverse of the time constant, a
parameter that can be considered an estimate of specific membrane conductivity
(Fig. 3D, r = 0-88; n = 86). It may be observed that the over-all relation in Fig. 3D
is similar to that between rheobase and input conductance (Fig. 3 4).

The rheobase current magnitude also varied in a systematic manner with the a.h.p.
duration, as illustrated in Fig. 3E. The mean values of rheobase current for
motoneurones with a.h.p. durations < 55 ms (19-2+52 nA, n =43) and > 80 ms
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(5'1+2-4 nA, n = 52) indicate an average 4-fold variation of rheobase current over
the a.h.p. range in comparison with a corresponding 2-3-fold range of input con-
ductance and a 1-:30-fold range of cell capacitance (or estimated surface area).

Motoneurone classification

It may be so that motoneurone properties do not vary according to a functional
continuum but are related to the type of muscle unit innervated by the motoneurone.
There exist essentially three types of muscle units: fast-fatiguable (f.f.), fast-fatigue-
resistant (f.r.) and slow (s.) (Burke, 1981). Identification of unit type was precluded
by the use of paralysing agents, but studies of type-identified motoneurones have
suggested that these three types may be classified on the basis of rheobase current
magnitude (Zengel, Munson, Sypert & Reid, 1982). Close inspection of Fig. 34
suggests the presence of three clusters of data points, and these have been circum-
scribed in Fig. 3B and designated as groups I, IT and III, respectively. The mean
rheobase currents for these groups, 45+ 1:5 nA (I, n = 51), 11-74+2:0 nA (I1, n = 44)
and 21-0 + 40 nA (III, » = 56), are quite similar to mean values from type-identified
motoneurones of cat medial gastrocnemius muscle (51 nA (s.), 12-8 nA (f.r.) and
197 nA (ff.); Fleshman et al. 1981). These similarities in average values suggest a
functional correspondence between the individual groups and types that is useful for
an operational subdivision of motoneurones. It should be noted that this ad hoc
classification imposes a somewhat lower variance of rheobase current within
each group relative to experimentally determined rheobase current variances for
type-identified motoneurones (see Fig. 4, Fleshman et al. 1981). There remains how-
ever an overlap of input conductance between groups which resembles that of
type-identified neurones. In particular, the fractional increase in input resistance
from group III to group I cells (1:1:4:2:8) was similar to that for f.f., f.r. and s.
motoneurones in the material of Fleshman et al. (1:1:5:2:8). Alternatively, moto-
neurones with a.h.p. durations > 80 ms (slow) and < 55 ms (fast) may be compared.
These groups possess average properties quite similar to groups I and II1, respectively,
but do not possess the artificially low variance of rheobase current imposed by the
latter classification. The rheobase mean and variance for these groups (see previous
section) are virtually identical to those observed for types s. and f.f. triceps surae
motoneurones (Fleshman et al. 1981).

Estimation of threshold depolarization by the spike-height method

As mentioned above, one possibility for explaining the rheobase current-input
conductance range discrepancy would be that the threshold depolarization system-
atically increases with rheobase current and input conductance. To explore this
further, the threshold depolarization was evaluated by measuring the voltage drop
caused by the rheobase current using a spike height method illustrated in Fig. 4 4.
This method was preferred over the direct measurement of the voltage drop because
of difficulties in maintaining the bridge balance during injection of large rheobase
currents. In cells where the compensation of the electrode resistance was judged to
be reasonably adequate (as in Fig. 44), the two measures were compared and, as
shown in Fig. 4 B, agreed rather well. The values obtained with the spike-height
method are shown plotted against input conductance (Gj,) in Fig. 4C and against
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a.h.p. duration in Fig. 4D, and in each case significant correlations existed (vs. Gy,
r=045; n = 128; vs. a.h.p., r = —0-59; n = 128). The threshold depolarization was
also correlated with the membrane time constant (r = 0-52; n = 89) but only weakly
with the cell capacitance (r = 0-22; n = 89; P = 0-05). A significant correlation was
also obtained between rheobase current and threshold depolarization (r = 0-67;

n = 128).
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Fig. 4. Estimation of threshold depolarization. 47 and 2 illustrates spike-height method
for estimating threshold depolarization. The voltage measured between the spike peak and
spike onset at rheobase current intensity (A2) is subtracted from the total spike amplitude
obtained using a brief (500 us) suprathreshold current pulse (41). B illustrates good
agreement between threshold depolarization (V,;,) estimated by the spike-height method
and that obtained by direct measurement in individual motoneurones where bridge
balance was judged to be adequate (as in A2). C' and D show, respectively, threshold
depolarization (spike-height method) plotted against input conductance (C) and after-
hyperpolarization duration (D).

When examined in the three motoneurone groups, the threshold depolarization for
group I was significantly lower (P < 0-01) than for the other groups, the averages
being 144+ 37 mV (I, n = 46), 18:5+3:-5mV (II, » = 38) and 20-1+24 mV (III,
n = 44). In contrast to the over-all case, no significant correlations existed within
groups I and III between threshold depolarization and either input conductance or
a.h.p. duration (for group II see below). Even though group I motoneurones tended
to have somewhat lower membrane potentials, it is not likely that the observed
differences in threshold depolarization are directly related to resting potential
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differences between the motoneurone groups; the mean resting potential for group
I (for cells where this measurement was available) was —72-:2 mV (n = 32) which is
only slightly lower than those for the other two groups of cells (—74:8 mV, 11, n = 27;
—74:8 mV, III, » = 28). Since the average spike heights for these same cells were
91-9 mV (I), 93-1 mV (II) and 89-5 mV (III), and thus much the same as the average
spike heights when including all typed cells (91:7 mV (I), 919 mV (II) and 892 mV
(IIT)), these average resting potentials are likely to be representative for the whole
population of cells within each group. It should also be considered that the threshold
depolarization values differ less than 1 mV per millivolt difference in resting potential
between the motoneurones (see below).
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Fig. 5. Relations between threshold depolarization (¥,;,) and resting potential. 41 and 2
show distribution of threshold depolarization (spike-height (s.h.) method) and plot of
threshold depolarization and rheobase for motoneurones with a.h.p. duration > 80 ms.
A3 and 4 show resting potential plotted against threshold depolarization (43) and absolute
voltage threshold (44) for the same group. BI—4 are the same plots, but for motoneurones
with a.h.p. duration < 55 ms.

The results thus suggest that differences in threshold depolarization do exist in the
present material such that those motoneurones with low rheobase current also possess
lower threshold depolarization, this effect not being directly explained by lower
resting potentials. However, further analysis suggested that the situation might be
more complex. When examining the relation between rheobase and threshold
depolarization within groups, the correlation was quite strong for group I (r = 0:79;
n = 46), less so for group II (r = 0:60; » = 37) and non-significant for group III
(r=028, n=44; P> 005). The main features of this variable dependence of
rheobase on threshold depolarization can be conveniently illustrated by comparing
relations observed between motoneurones with a.h.p. duration < 55 ms (fast moto-
neurones) and > 80 ms (slow motoneurones) (Fig. 5). As with group I, the slow group
showed a significant correlation between rheobase and threshold depolarization
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(r=075; n =46, Fig. 5A42) whereas within the fast group, no significant trend
existed (r = 0:32; »n = 43; P > 005, Fig. 5B2). Resting potentials measured when
rheobase was obtained are shown plotted against threshold depolarization for the slow
(Fig. 543) and fast (Fig. 5 B3) groups. It may be observed that for the fast group,
threshold depolarization tended to remain around 20 mV independent of resting
potential level (r = 0-37; » = 31; P > 0-05), while threshold depolarization for the
slow group showed a significant trend to decrease over the resting potential range
(r = 073; n = 29). These results indicate that the absolute voltage threshold varied
systematically for the fast group over the resting potential range, and a significant
correlation was obtained (r = 0-83; n = 30; Fig. 5B4). In contrast, this trend was of
marginal significance for the slow group (r = 0-37; n = 29; P = 0-05) (Fig. 544).
Nearly identical relations were observed for group III and I respectively, with group
II exhibiting relations intermediate to these latter groups. The above analysis thus
suggests that a considerable portion of the threshold difference may have arisen not
because of lower resting potentials of slow motoneurones per se but because of a
differential tendency of the absolute voltage threshold to ‘adjust itself’ to different
resting potential levels (probably due to different degrees of soma leak), the
adjustment being greatest among fast cells and least among slow cells. It is
noteworthy that the regression equation relating threshold depolarization and resting
potential in the slow group (r = 0-73) and that relating abolute threshold and resting
potential in the fast group (r = 0-81) predict that no significant difference in either
threshold depolarization or absolute voltage threshold would exist at a resting
potential of —80 mV.

In contrast to the case with the resting potential, no differences existed between
the fast and slow groups when threshold depolarizations were compared against spike
height; both groups showed weak, but significant (P < 0-01) correlations with similar
slopes (slow, r=042; n =46; slope=03mV/mV; fast, r=038; n=43;
slope = 0-22 mV/mV). Thus, to the extent that spike height reflects the resting
potential, the variation of threshold depolarization with resting potential described
above may be over-estimated for the slow group and underestimated for the fast
group. This would indicate that the absolute threshold adjustment may be the same
among motoneurones and that the threshold depolarization differences described
above would exist also at —80 mV resting potential. However, the larger dependence
of rheobase current on threshold depolarization shown above for the slow group
clearly gives an independent indication that variation in some third factor, likely to
be resting potential, had a larger effect on this group. Moreover, as discussed in the
Methods section, the spike height may not be an absolutely accurate measure of
membrane potential.

Subthreshold rectification

If the motoneurone membrane behaved linearly throughout the voltage interval
from resting to threshold level, then the product of rheobase current and input
resistance would predict the threshold depolarization. Comparison of this rheobase
‘voltage’ with the threshold depolarization measured by the spike height method can
thus provide a means by which the presence of subthreshold rectification may be
assessed. Fig. 64 illustrates this comparison for all motoneurones in which both
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measurements were obtained, and shows that threshold depolarizations were generally
larger than the corresponding rheobase ‘voltages’. This lack of equivalence between
the two parameters suggests that a subthreshold rectification process is operative
among these cells, the net effect being apparently inward, Fig. 6 B and C illustrates
that the discrepancy (expressed as the ratio threshold depolarization/rheobase
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Fig. 6. Relation between threshold depolarization and rheobase ‘ voltage’. 4, the threshold
depolarization (spike-height method) plotted against rheobase ‘voltage’ i.e. the product
of input resistance (R,,) and rheobase current (/). The dashed line indicates equality
between the values. B, C and D, show, respectively, the ratio between the estimated
threshold depolarization and rheobase ‘voltage’ plotted against a.h.p. duration (B),
membrane time constant (C) and total cell capacitance (D).

‘voltage’) tended to increase among motoneurones with longer a.h.p. duration or
membrane time constant. Accordingly, group I motoneurones showed the greatest
discrepancy, the rheobase ‘voltage’ being on the average 47 mV lower than the
estimated threshold depolarization. The average difference for group II was 3-4 mV
and that for group ‘III was 21 mV. It may be noted that this difference between the
groups corresponds rather well to that between the input resistances, suggesting that
the magnitude of the current underlying the rectification may be rather similar among
the motoneurone groups. Fig. 6 D shows that the threshold depolarization/rheobase
‘voltage’ ratio bore no relation to estimated cell size.

The input resistance used for the ‘rheobase voltage’ is that measured with small
hyperpolarizing current pulses applied from resting level. As shown first by Nelson
& Frank (1967), the apparent input resistance of motoneurones tends to be larger
in the depolarizing than in the hyperpolarizing direction. As illustrated in Fig. 74,
an increase in the voltage response often occurred rather close to the firing level. In
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this example, the 3 nA pulses gave only a slightly larger voltage response in the
depolarizing direction, a much larger discrepancy occurring with the 3-5 nA pulses
and with the rheobase current intensity of 3-9 nA. Examination of current—voltage
curves in some neurones (n = 19) showed that the voltage deflexion given by rheobase
current intensity was 10-509%, greater than expected on the basis of the input

A 3:0nA 3-5nA 3:9nA
T —— /""
e /4
~——>= < i - =
B8 10 nA 14 nA 17 nA 18 nA
—— k_;__, \/_’ \-/_r

c
. T~ 20mVAandC
‘ 'kd lt':%‘ PR — 10mV B
r—

50 ms

Fig. 7. Voltage responses to subthreshold membrane polarization. 4, voltage deflexions
caused by de- and hyperpolarizing current pulses of various magnitudes, as indicated. Note
the larger increase in the depolarizing than in the hyperpolarizing direction with increasing
current strength. B, same as in 4 but from a different motoneurone. Note here the change
in the configuration of the depolarizing deflexion when approaching threshold level.
C, from another motoneurone showing a notch on the rising phase of the depolarization.

resistance measured at resting level, suggesting that the discrepancy between the
estimated threshold depolarization and rheobase ‘voltage’ may be accounted for by
this rectification. We have, however, no independent evidence that this rectification
should be relatively more developed in cells with long than with short a.h.p. duration
as suggested by the threshold depolarization/rheobase ‘voltage’ ratio.

It was noted that the voltage deflexions produced by near-threshold current
intensities were not only larger but often had a different shape with respect to those
produced by lower current intensities. As illustrated from a rather typical cell in
Fig. 7 B, current pulses given at an intensity much less than rheobase produce de- and
hyperpolarizing voltage deflexions that appear rather symmetrical. With increasing
current strength, the depolarizing voltage deflexion changes in shape, the slow decay
due to the sag process disappears and is replaced by a flattening of the trajectory
and an upward deviation resulting in spike initiation. In a few neurones, the voltage
resulting from the rheobase current even continued to rise throughout the pulse
duration (50—-60 ms), even though the deflexion in the hyperpolarizing direction had
settled to a steady value. These changes in pulse shape with increasing current
strength were not related to changes in electrode properties since they appeared when
threshold was approached irrespective of current strength.

In a few other neurones, the response to depolarizing currents had a different
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character, the depolarization developing a notch on the rising phase, followed by a
slow depolarization to threshold level (Fig. 7C). Following a slight increase in current
magnitude, the spike took off from the notch, often from an apparently lower
threshold level (see below). Sometimes the spikes were generated at the notch even
at the minimal intensities for spike generation. This type of voltage trajectory is
suggestive of that which could be generated by the activation of an A-current
(Galvan, 1982), possibly present in spinal motoneurones (Schwindt & Crill, 1980).
However, the relative magnitude of the notch did not increase with steady membrane
hyperpolarization, but rather with membrane depolarization, a behaviour not
expected for an A-current. Moreover, this trajectory shape was occasionally also
observed following deterioration of cells that previously showed trajectories as in
Fig. 74 and B. It is thus likely that the notch represents some local response of the
membrane, appearing in somewhat damaged cells. In view of this, the cells showing
this kind of behaviour were excluded from the present analysis.

Factors determining rheobase current within groups of motoneurones

As described above, the over-all variation of rheobase current is determined by
several factors among which input conductance plays a large role. Previously,
Fleshman et al. (1981) reported that rheobase current among motoneurones of
identical type was uncorrelated with input resistance. Such an observation suggests
that the over-all correlation between rheobase current and input conductance is
simply the result of pooling data from different motoneurone types, each type having
properties different from the over-all relation. However, examination of the two
extreme groups (I and III) of motoneurones in the present material revealed
significant correlations between rheobase current and input conductance (r = 0-57;
n=>51 (I): r=055; n=>56 (III), see Fig. 3). To analyse further the factors
underlying rheobase current variation within functionally restricted motoneurone
groups, correlations between rheobase and various cell parameters were calculated
for motoneurones with a.h.p. durations greater than 80 ms (slow) and less than 55 ms
(fast). As shown in Table 1, rheobase current was well correlated with input
conductance for each group; the regression lines passed close to the origin and had
slopes similar to the rheobase ‘voltage’ for each group. It may also be seen that
rheobase was significantly correlated with estimated threshold depolarization for the
slow but not for the fast group (cf. above). In order to diminish the scatter introduced
by variation in threshold depolarization, rheobase current values were normalized
to the average threshold depolarization for each group, assuming direct proportion-
ality. Since no significant correlations existed between threshold depolarization and
any of the listed parameters for either group, this normalization had little effect on
any of the regression equations (except, of course, those relating rheobase and
threshold depolarization). For the slow group, however, the normalization produced
a clear increase in the proportion of rheobase variance (%) explained by co-variation
with input conductance and the inverse of membrane time constant. It is thus evident
that for both groups, rheobase current variations are significantly associated with
variance in specific membrane conductivity; the intercepts for each regression line
are close to and do not differ significantly from zero. It is noteworthy, however, that
the proportion of rheobase variance explained by co-variation with conductivity is
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somewhat higher in the fast group (0-61) than in the slow group (0-43). When
correlations were calculated between normalized rheobase and the present index of
cell size (capacitance) the reverse emerged: rheobase was more strongly correlated
with capacitance in the slow group (0-30) than for fast motoneurones (0-13), where
the correlation was not significant (P > 0-05). It needs to be emphasized, however,

TasBLE 1. Correlations and regression line parameters between rheobase current (Y) and other
parameters (X) for slow (a.h.p. duration > 80 ms) and fast (a.h.p. duration < 55 ms) motoneurone
groups. Correlation coefficients (r) are presented as the square, and the column headings designate
values obtained from the raw material and after normalizing (norm.) individual rheobase values
to the average threshold depolarization for each motoneurone group (see text). Sample size (n),
regression slope and Y-intercept columns are similarly organized. Abbreviations and units: I,
rheobase current (nA); Gy, input conductance (uS); 1/7,,, inverse of time constant (ms™'); ¥V,
threshold depolarization (mV); Cap, total cell capacitance (nF)

Slow motoneurones (a.h.p. duration > 80 ms)

r2 n Slope Intercept
Y X Raw Norm. Raw Norm. Raw Norm. Raw Norm.
L, Gin 055 071 52 46 12:8 94 —14 05
1/1n 019 043 27 26 29-1 315 03 02
Vin 0-56 011 46 46 05 05 —16 31
Cap. 029 030 27 26 10 12 —03 12
Fast motoneurones (a.h.p. duration < 55 ms)
r? n Slope Intercept
Y X Raw Norm. Raw Norm. Raw Norm. Raw Norm.
I, Gin 0-56 071 48 43 153 17:0 2:3 05
1/7m 062 061 38 36 700 684 —14 —-06
Vin 010 002 43 43 07 —-03 49 24-3
Cap. 0-06 013 38 36 1-3 2:0 11-2 72

that even though the correlation coefficient and regression slope for the normalized
rheobase—capacitance relation for the fast group did not differ significantly from zero,
the scatter was such that the Y intercept could not be distinguished from zero
(P > 005).

In contrast to the cases of groups I and III, no significant rheobase—input
conductance correlation existed within the raw material of group II (r = 0:06; n = 44;
P > 0-05), similar to the case with type-identified m.g. (medial gastrocnemius)
motoneurones (Fleshman et al. 1981). This appears to have been caused by a
significant, negative correlation between threshold depolarization and input conduc-
tance (r = —0-49; n = 38); such a relation did not exist in any of the other groups.
After confining the threshold depolarization dependence to only input conductance
by normalizing each rheobase value to the average threshold depolarization (18 mV;
rheobase vs. threshold depolarization, r = 0-60; n = 38), the rheobase—input con-
ductance regression slope increased 10-fold and a significant correlation emerged
(r = 0-69; n = 38). The negative relation between threshold depolarization and input
conductance was probably the consequence of a similarly negative correlation
between resting potential and input conductance (r = —0:60; n = 27) in conjunction
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with a correlation between threshold depolarization and resting potential (r = 0-51;
n = 25). Since no other group showed a significant correlation between resting
potential and input conductance, its existence within group II most likely signifies
the presence of a sampling problem specific for this group. This seems further
indicated by the fact that this correlation is negative; the exact opposite would be
expected from theoretical considerations concerning the effects of micro-electrode
impalement (Jack, 1979).
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Fig. 8. Short current thresholds. 4, distribution of the threshold values for evoking spikes
with a 500 us constant current pulse. B, relation between the threshold values and cell
size, as estimated from total cell capacitance. C and D, short current thresholds plotted
against spike height (C) and membrane potential (D).

Short current thresholds

According to strength—duration curve expectations, the amount of current required
to initiate an action potential using a very brief pulse width should be primarily
determined by the neuronal surface area, its electrotonic structure and the threshold
depolarization. Such a threshold pulse should be largely independent of specific
membrane resistivity and any subthreshold conductance processes that require more
time to activate. A comparison of thresholds obtained using brief and long current
pulses should thus provide useful information concerning the relative importance of
various factors controlling cell excitability. Current thresholds using brief (500 us)
pulses were examined and compared with those using long pulses. Calculations
performed on a compartmental model (Rall, 1964) showed that pulses of this duration
were sufficiently brief to allow the current magnitude for a given model neurone to
be virtually unaffected by changes in specific membrane resistivity in the experimental
range (neuronal time constants 2-5-9-0 ms) even in the presence of soma leaks of
appreciable magnitude (relative leaks up to 309, expressed as a fraction of input
conductance). As can be observed in Fig. 8 4, the short current thresholds varied
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Fig. 9. Short current thresholds and a.h.p. duration. 4, threshold values using 500 us
constant current pulses are plotted against a.h.p. duration. B, cell size, as estimated from
total cell capacitance, plotted against a.h.p. duration. C, relation between calculated and
experimental short current thresholds. The calculated thresholds were obtained as
described in the text. The straight lines indicate the expected equality between the values
given motoneurones with no soma leak (lower line) and with a 30 % soma leak (upper line).
As indicated above, the voltage thresholds used in the calculations were those obtained
by the spike-height method for rheobase current intensities. D, relation between estimated
short pulse threshold depolarization and a.h.p. duration. This threshold depolarization was
calculated as described in the text. The computations in the compartmental model were
performed by numerical solution on a digital computer with time increments of 0-1 s.

between 10 and 70 nA, a range about half that for the long pulses (2-32 nA). As
illustrated in Fig. 8C and D, this range was present at almost any given spike height
or membrane potential, and thus not likely to be directly related to resting membrane
potential differences between the neurones.

The current thresholds showed an over-all tendency to increase with the estimated
cell surface (Fig. 8 B, r = 0-53, n = 85). However, the scatter was considerable, with
a 3-5-fold variation in current present for almost any given estimated size (except the
very lowest ones). On the other hand, the short current thresholds were clearly related
to the a.h.p. duration (Fig. 94) with an almost 3-fold average variation over the
a.h.p. range (21-4+8-3 nA, a.h.p.s > 80 ms, » = 46 t0 522+ 99 nA, a.h.p.s < 55 ms.
n = 42). Asillustrated in Fig. 9 B, this variation was much greater than the estimated
variation in size with a.h.p. duration, the size only increasing by around 50 9% over
the a.h.p. range. As mentioned above, short pulse current threshold is not directly
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affected by the value of specific membrane resistivity. Even so, the short pulse current
was strongly correlated (r = 0°74; » = 86) with the inverse value of the membrane
time constant, the relation arising indirectly via other factors that co-vary with
resistivity.

To explore further the factors of importance in determining the range of current
thresholds shown in Fig. 8 4, 500 us current pulses were injected into compartment
one of compartmental neurone models. For each neurone, a 50-compartment cylinder
was assembled using the measured values of input resistance, membrane time
constant and electrotonic length. In this way, the surface area and geometry of each
cell could be taken into account. Calculations were then performed to determine the
current necessary to depolarize the first compartment to the rheobase threshold
depolarization given by the spike-height method for each cell. In the presence of soma
leak introduced by micro-electrode impalement, the actual neurone will not possess
spatially uniform membrane resistivity. This will modify both the actual amount of
injected current (5-109, for a 309, relative leak) as well as the compartmental
parameters calculated assuming a non-leak situation. Calculations indicate that the
net effect will cause the actual current threshold to be about 10 %, greater than that
calculated on the basis of uniform properties. The possible error introduced by the
sag-process (Ito & Oshima, 1965) was investigated using the sag model described by
Gustafsson & Pinter (1984). This indicated that there would be a 2-3 9, difference
between the actual and calculated currents (sag ratio = 0-70), a difference which can
be neglected. Assuming a relative leak between zero and 30 %, the experimental and
calculated values would not in theory be expected to be exactly equal, but to fall
within the two lines in Fig. 9C. As shown by this Figure, there is a good
proportionality between the measured and calculated values, implying that the range
of experimental current threshold is well accounted for by taking into consideration
the cell size, cell geometry and variations in threshold depolarization for long pulses.
The calculated values are, however, somewhat larger than the experimental ones.

An alternative way of presenting the same type of calculation is to compute the
depolarization resulting in the compartmental model by injecting the experimentally
determined short current magnitude necessary to reach threshold. In this situation,
the presence of leak will produce an error which was calculated to be around 1:5 mV
underestimation of the depolarization with a 30 9, relative soma leak (1-2-1:8 mV with
time constant 2:5—-10 ms). The computed values may be interpreted as an estimation
of the threshold depolarization for the short current pulses and are plotted against
the a.h.p. duration in Fig. 9D. The over-all relation is similar to that observed
between a.h.p. duration and threshold depolarization (spike-height method). As
expected from the above (Fig. 9C), the values for a given a.h.p. duration are
somewhat lower than those estimated by spike height, being 166 mV (» = 34) and
11-1 mV (n = 23)fora.h.p. durations of < 55 msand > 80 ms, respectively, compared
to 20-2 and 14-4 mV obtained by the spike-height method. Similarly, when examined
for each of the three groups of motoneurones, the estimated thresholds varied from
11-:3mV (I, n = 24) to 145 mV (II, n = 22)and to 17-2 mV (III, » = 37), thus showing
much the same variation as seen with the long current pulses, but with each value
about 3 mV lower.

The over-all pattern of correlations between the computed threshold depolarization
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and resting potential was also generally similar to that observed with rheobase
threshold depolarization (Fig. 5), although the group with a.h.p. duration < 55 ms
showed a somewhat stronger relation (r = 0:47; n = 27, P < 0-01; a.h.p. duration
> 80 ms, r = 0:79; n = 20).

No
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Fig. 10. Time-dependent changes in threshold depolarization. A-B and D~E show records
from four different motoneurones. The threshold depolarization was estimated at different
times from current onset, using the spike-height method. In each cell, the current intensity
was increased from rheobase to produce spikes at various latencies. C, distribution of the
difference between the threshold depolarization estimated with rheobase intensity and
that observed with spike latencies of 2—4 ms for individual cells. Spikes have been
retouched for clarity.

As mentioned above, part of the difference between calculated short pulse threshold
and that given by the spike-height method may be due to the presence of soma leak.
On the other hand, the voltage threshold may vary with time, increasing with
increasing latency of the spike (see Grantyn, Grantyn & Schierwagen, 1983). To
explore this alternative, the threshold depolarization was estimated in some neurones
from spikes occurring late during a long pulse and early (2—4 ms) after current onset
through the application of supra-rheobase intensities. For the neurones illustrated
in Fig. 10, the peaks of the spikes (generated as first spikes) reach the same potential
level independent of spike latency. Similarly, for the cell in Fig. 10 4, the spikes seem
to arise at much the same level, perhaps somewhat lower for the spike with the
shortest latency. On the other hand, for the cell in Fig. 10 B, the spike initiation level
is clearly increasing with latency. The difference between threshold levels estimated
at latencies of 2-4 ms and at rheobase current intensities, was measured in thirty-five
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neurones, and varied between 0 and 3-5 mV, with a distribution as shown in Fig. 10C.
The discrepancy of about 3 mV between the estimated threshold depolarizations for
the long and short pulses can thus be explained by a change in voltage threshold with
time, combined with the effect of a soma leak.

As can also be observed in Fig. 104, D and E, the threshold depolarization, as
estimated by the spike-height method, remains much the same for the second spikes
following first spikes evoked at a short latency. In twenty neurones where second
spikes appeared with similar interspike intervals as shown above, the threshold
depolarization remained generally within a millivolt or less of that of the first spike
with a similar latency from current onset. Only occasionally were the estimated
threshold differences greater, then having measured values of 1-5-2:5 mV. We did thus
not observe a 40-1009%, increase from the first to a second spike, as reported by
Schwindt & Crill (1983).

Relation between short and long current pulse thresholds

If specific electrical properties were identical over the motoneurone pool, the ratio
between the long and short current pulses would be constant, the value depending
primarily upon the specific membrane resistivity and capacitance, possible voltage
threshold shifts and any contributions from subthreshold activated conductance
processes. The specific electrical properties are, however, not uniform, and as
illustrated in Fig. 11 4 the long/short current pulse ratio changes appreciably with
a.h.p. duration, being high in cells with short a.h.p. duration (0-37, a.h.p. durations
< 55 ms) and small in cells with long durations (025, a.h.p. durations > 80 ms).
Similarly, there was a systematic decrease in this ratio from type III cells (0-39) to
type II (0-33) and type I (0-24) cells. This result shows that the excitability variation
over the motoneurone pool increases with increased duration of the stimulating
current.

A likely explanation for the variation of this ratio with a.h.p. duration (or
motoneurone type) is that the specific resistivity is higher in cells with longer a.h.p.
duration as suggested by their longer time constants (Gustafsson & Pinter, 1984 ; cf.
Kernell & Zwaagstra, 1981; Burke, Dum, Fleshman, Glenn, Lev-Tov, O’Donovan &
Pinter, 1982). As shown in Fig. 11 B, the current pulse ratio was also clearly related
to the variation of the membrane time constant. To investigate how closely the
variation of the current pulse ratio conformed to that expected from the variation
in passive properties, size and geometry, long pulse (50 ms) and short pulse (500 us)
current thresholds for a given threshold depolarization were calculated using
compartmental models of each neurone (see above). These computations produced
values that closely followed the lower line in Fig. 11 B. The same calculations were
also performed in the presence of a relative leak of 30 9% and gave the upper line in
the graph. It may be observed that the experimental values tend to follow the
theoretical curves rather well but show a tendency to be lower except at the very
shortest values of time constant. Any increase in threshold depolarization occurring
between the short and long threshold pulses would tend to increase the ratio while
the subthreshold rectification present for the long pulse would tend to decrease the
ratio. The graph in Fig. 11 B tuus seems to indicate that these opposing factors cancel
each other rather well, perhaps with some predominance of the rectification effect.
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Fig. 11. Relation between short and long current thresholds. 4, the ratio between the long
(50 ms) and short (500 us) pulse current thresholds plotted against a.h.p. duration. B, the
same ratio plotted against the membrane time constant. The dashed lines indicate the
theoretical ratios in equivalent cylinder models of the motoneurones, given no activation
of subthreshold conductance processes and with equal threshold depolarizations for both
pulses. The lower line shows the theoretical relation in the absence of soma leak, the upper
line in the presence of a 30 %, soma leak.

Excitability variations among motoneurone groups with inputs of different spatial
location

The differences in rheobase and short pulse current thresholds observed between
the various motoneurone groups are of course only relevant for a somatically located
input, the likely position of the micro-electrode. To explore differences which might
exist at various other input locations, computations were performed on compart-
mental neurone models which incorporate the known differences in passive membrane
properties between fast and slow motoneurones. Two models were used, equipped
with parameters derived from the average input resistance, time constant and
electrotonic lengths of group I (slow) and group III (fast) motoneurones (Gustafsson
& Pinter, 1984). In each, currents were injected into various compartments, and the
resulting voltage change in the first compartment was calculated. The short current
pulse had a time course and shape resembling the synaptic current underlying
single-fibre e.p.s.p.s (Iansek & Redman, 1973) and the long pulse had a duration of
50 ms. Using brief currents of identical intensity injected into compartment 1, the
computed e.p.s.p. peaks were reached after about 05 ms, the amplitude being 73 %
larger in the slow than in the fast model neurone. This difference is about twice that
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expected from the 359, difference in surface area between the two models and is
largely related to geometrical differences between the models; the equivalent cylinder
representation of the slow motoneurone possesses a smaller diameter with respect to
its length relative to the fast motoneurone (Gustafsson & Pinter, 1984). This implies
that for a similar threshold depolarization, about 30 % more current (applied at the
soma) would be needed to reach threshold in the fast motoneurone model after the
35 % difference in surface area is taken into account. With an input located further
out in the dendritic tree, however, the effect of geometry would be expected to
decrease; the computations showed that the difference in short pulse threshold
between the models due to this effect would be reduced (from 30 %) to 10 %, for input
located halfway out on the dendritic tree. As discussed by Pinter et al. (1983), the
spatial distribution of Ia synapses can be approximated by locating the current input
in compartments 2, 3 and 4 of an 8-compartment model in which compartment 1
represents the soma region. Calculations performed for the brief current input equally
distributed to these compartments showed the differences in current threshold to be
about 15 9%, the lower value being for the slow model. This value is of interest since
it suggests that passive factors (excluding size) would in themselves produce Ia
e.p.s.p.s 15 % larger in the slow motoneurone for an identical density of synaptic input
over the motoneurone pool.

For a long current pulse injected into compartment 1, the threshold was 26 times
greater in the fast model, a difference directly related to the measured variation in
input resistance between the two motoneurone groups. In contrast to the case with
brief current input, the difference did not decrease when the input was moved into
the dendritic region; when the input was halfway out the ratio was even slightly
greater (2:8). For an input resembling the group Ia spatial distribution, the ratio was
2-7. These calculations suggest that the rheobase current variation between the
motoneurone groups for somatic current input will also be present for distributed
dendritic inputs, even to a slightly larger degree. It should be noted, however, that
these calculations do not take into account any possible differential spatial variation
of the sag process or of subthreshold rectification.

DISCUSSION

The purpose of the present study was to examine the relative contributions made
by various post-synaptic factors in determining variations in intrinsic excitability
over the motoneurone pool. To accomplish this, thresholds for very brief currents and
for longer duration (rheobasic) currents have been determined and compared with
other membrane properties among functionally distinct groups of motoneurones. The
motoneurones were not identified from the mechanical properties of their muscle units
but were instead grouped according to their a.h.p. duration or rheobase current
magnitude. These classifications produced groups of motoneurones, of which the two
extreme ones can be considered as fast and slow groups, respectively, with properties
quite similar although perhaps not identical to the type f.f. and s. groups. Using this
classification, the results demonstrate that for an average estimated size difference
of less than 509%,, the fast motoneurones needed on average about 2-5 times more
current when activated by brief pulses, and about 4 times more rheobase current than
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the slow cells. This shows that variations in threshold currents are to a large extent
determined by factors other than motoneurone size. In fact, taken at face value, the
present results suggest that the post-synaptic contribution to the variation of
motoneurone functional threshold is only to a limited extent related to motoneurone
size or size-related factors but is instead related to intrinsic membrane properties
which vary little with respect to size. There are, however, several aspects of this work
which need to be considered before a more detailed discussion of this point is
undertaken.

A first point to consider is that these results have been obtained from motoneurones
in which the electrode impalement itself may have produced changes in neuronal
properties determining excitability. As discussed by Gustafsson & Pinter (1984) (see
also Jack, 1979), resting potentials of undamaged motoneurones may, under the
present conditions, be about —80 mV or more, which would mean that the present
sample of motoneurones is depolarized on average by at least 7 mV. Such an
impalement-induced depolarization would have two direct effects on the recorded
threshold currents: an enhancing effect on the rheobase currents due to the increase
in input conductance caused by the soma leak, and a depressing effect due to an
expected decrease in threshold depolarization. However, the effects of leak-induced
input conductance changes are likely to be rather small, being on average 10-15 9%,
(Gustafsson & Pinter, 1984). With respect to the expected decrease in threshold
depolarization, Pinter et al. (1983) showed that there appears to be an adjustment
of the absolute threshold voltage in response to impalement-induced resting potential
variations. In the over-all resting potential range of —50 to —80 mV, there was an
approximate 7 mV threshold change per difference of 10 mV in resting potential and
types f. and s. motoneurones showed much the same behaviour. According to this
result, the present threshold depolarizations should only be decreased by about 2 mV
on average from the pre-impalement level, causing a decrease in rheobase current
corresponding to the increase produced by the leak. It would then seem that the
present estimates of threshold currents should be similar to those present in
non-impaled neurones.

In the present study, with a resting potential range of —67 to —80 mV, fast
motoneurones also displayed a significant correlation between resting potential and
absolute voltage threshold with a slope quite similar to the over-all slope reported
by Pinter et al. (1983). However, for slow motoneurones this tendency was not
significant, while the correlation between threshold depolarization and resting
potential was significant. It thus appears that within the present resting potential
range, fast and slow motoneurones were differentially affected by the resting potential
variations, in such a way that the absolute threshold level adjusted itself to a larger
extent in fast than in slow motoneurones. This result would suggest that the
estimated differences in rheobase current and threshold depolarization between fast
and slow motoneurones observed in these experiments may be over-estimated. In fact,
as mentioned in the Results, the relevant regression equations predict that both
threshold depolarization and absolute voltage threshold would be nearly identical for
these groups at a resting potential of —80 mV. There is of course a degree of
uncertainty associated with such predictions, since the average resting potentials of
both groups were clearly less than —80 mV and there were, in particular for the slow



476 B. GUSTAFSSON AND M. J. PINTER

group, few motoneurones in this high resting potential range. Moreover, when using
spike height as a measure of membrane potential, this differential sensitivity did not
emerge. However, spike height may not be an accurate measure of membrane
potential (see Methods), and the better correlation between rheobase current and
threshold depolarization in the slow than in the fast group provides independent
evidence of a differential threshold adjustment in this resting potential range. It thus
seems likely that differences in the way slow and fast motoneurones respond to
depolarization induced by impalement may have produced a substantial portion of
the difference in threshold depolarization observed here between the two groups. If
so, the rheobase and short-pulse current differences between non-injured fast and slow
motoneurones would be somewhat less than observed in the present experiments, the
extrapolated average values for rheobase current at a resting potential of —80 mV
being 6-7 and 22 nA for group I and III cells, respectively, compared to the 4:4 and
20-8 nA observed in this work. The average rheobase current variation between the
fast and the slow groups of cells should then be about 3-fold rather than 4-fold (see
above). Similarly, the over-all range in rheobase current would change from a 16-fold
variation (2-32 nA) to an 11-fold variation (3—-33 nA).

An important consideration in this context is whether such a differential threshold
adjustment could also operate under physiological conditions. If so, a steady synaptic
depolarization might have little influence on the excitability of fast motoneurones
but would lower the threshold depolarization of the slow ones. The present results
would suggest the existence of an intrinsic variation in excitability that may not exist
at a true resting level but would appear during synaptic depolarization, perhaps
being analogous to the differential degree of accommodation described by Burke &
Nelson (1971). In three fast motoneurones examined at different potential levels
following ‘spontaneous’ resting potential shifts, voltage threshold adjustments were
observed but the changes were only around 3 mV per change of 10 mV in resting
potential even minutes after the change. This variation was much the same as that
observed for similarly ‘spontaneously’ changing slow motoneurones (n = 8). This
observation may indicate that the larger threshold adjustment observed for the fast
motoneurones in the present experiments and over-all by Pinter et al. (1983), must
operate on an even slower time scale, or be partly associated with conditions
established at the time of impalement not directly related to the membrane potential
itself. Clearly, more experimental data must be provided to decide this issue.

The existence of voltage threshold adjustments, be they 3 or 7 mV per change of
10 mV in resting potential, may have further consequences for the interpretation of
experimental results. If we assume that the threshold adjustment is associated with
a slow inactivation of the voltage-sensitive sodium channels responsible for the spike
in the initial segment, or a shift in their activation curve, it does not seem obvious
whether other voltage-dependent conductances operating in the sub- or near-threshold
region would be similarly affected. Under such conditions, the particular balance of
jonic currents observed at threshold in neurones with low resting potentials
(< =70 mV) may not accurately portray that present had the neurones been
investigated at their proper resting level. The state of the sodium channels, for
example, with respect to inactivation characteristics may also not be the same when
threshold level is shifted. The lack of apparent voltage threshold shift from the first
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to the second spike observed in the present work, compared to the large shifts
observed by Schwindt & Crill (1983) may possibly be explained on such a basis.

A second consideration is the manner in which the present threshold depolarizations
have been estimated and how these estimates compare with previously obtained
values. Two different approaches were used here; the threshold depolarization was
calculated via a compartmental model as the voltage displacement produced by the
short current threshold pulse, or measured as the voltage drop given by the rheobase
current using a spike-height method. The possible error introduced by a soma leak
and the sag process for the short current threshold was calculated and found to be
small. The estimations of rheobase current threshold depolarization via the spike-
height method were also well correlated with those measured directly from seemingly
well balanced voltage responses. The estimated threshold depolarizations obtained
by the two techniques differed by a few millivolts, a discrepancy that can be related
partly to a soma leak and partly to a real shift in voltage threshold with time. Such
a shift was also observed when estimating threshold depolarization at the beginning
and at the end of a long pulse using the spike-height method, and has also been
described for other central neurones (Grantyn et al. 1983).

The threshold depolarizations generally varied between 10 and 25 mV for the
rheobase pulse, with the over-all distribution peak between 15 and 20 mV, the values
being about 3 mV lower for the short pulse estimations. These threshold values are
significantly higher than in previous reports where the average values were about
10 mV. Forexample, in the study by Pinter et al. (1983), in which spikes were initiated
by monosynaptic e.p.s.p.s, threshold depolarizations measured from the e.p.s.p.s
were about 9 mV on average, and no differences between type f. and s. motoneurones
were observed. Part of the discrepancy between the present results and those of
Pinter et al. (1983) may be related to resting potential differences between the two
sample populations. When selecting type s. motoneurones from the results of Pinter
et al. (1983) with resting potential in the same range as those for the present sample
(—65 to —80 mV), the average threshold depolarization was about 13 mV, which is
similar to the present estimates for slow motoneurones. For their type f. moto-
neurones, the average threshold depolarization for the same range of resting potential
was about 12 mV, which is considerably lower than that for the present sample of
fast motoneurones. It seems possible that most of this difference can be explained as
being the result of a sampling problem in the work reported by Pinter et al. (1983).
For instance, if threshold depolarization of type f. cells is as high as indicated by the
present results, then it would seem difficult to cause orthodromic firing of those
motoneurones that have high resting potentials and small amplitude e.p.s.p.s even if
temporal facilitation was used. It thus seems likely that there is an under-
representation of type f.f. motoneurones in the upper resting potential range of the
results of Pinter et al. (1983).

With regard to the over-all relationship between rheobase and input conductance,
the present results generally agree with those of Fleshman et al. (1981) in that a strong
correlation existed between the two parameters and the over-all range of rheobase
exceeded that of input conductance. Our results indicate that at least for the present
sample this range discrepancy arises because of differences in threshold depolarization
and subthreshold rectification among the sample motoneurones, and this could in
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principle account for the over-all results of Fleshman et al. (1981). However, beyond
this point of general agreement, there exist several discrepancies between the two sets
of results. For example, the average rheobase ‘ voltages’ (the product of rheobase and
input resistance) of types f.f. and s. motoneurones reported by Fleshman et al. (11-8
and 87 mV, respectively) are considerably lower than for the present groups III and
I and for the fast and slow groups classified according to a.h.p. duration (see Results).
Since the average rheobase values for the various groups agree quite well with the
corresponding types, these differences indicate that the input resistance estimates of
Fleshman et al. (1981) are considerably lower. This may be related to differences in
technique (see Gustafsson & Pinter, 1984 for present method) or perhaps to
differences in criteria for cell acceptance. A more serious difference is that Fleshman
et al. (1981) reported that no significant correlations existed between rheobase and
input resistance within motor unit type, whereas the present results contained
significant correlations within the raw data groups obtained from fast and slow
motoneurones. It does not seem likely that the differences between the present results
and those of Fleshman et al. (1981) are the consequence of the various procedures
used to classify motoneurones. As described above, there is a good agreement of
average rheobase values between corresponding types and the present groups, and the
fractional increases of both rheobase and input resistance were also similar. One
possibility for explaining the negative findings of Fleshman et al. (1981) emerged from
consideration of the present group II (see Results) where an apparent sampling
problem specific for this group served to minimize the rheobase-input conductance
correlation in the raw material.

It should also be clear that if rheobase current was uncorrelated with input
resistance within type, the 3-fold variation in input resistance within type observed
by Fleshman et al. (1981) would require a similar variation in some other factor
determining rheobase current. This would imply, for example, that threshold
depolarization should be positively correlated with input resistance within type, being
three times smaller in those with the lowest input resistance (or largest size according
to Fleshman et al. (1981). Comparing this presumed large variation in threshold
depolarization within type to the much smaller difference in rheobase ‘voltage’
between types evident in the material of Fleshman et al. (see above), a presynaptic
input with equal density and efficacy over the motoneurone pool would then give rise
to the paradoxical result that the largest motoneurones within each type would,
almost independently of type, be recruited first and the smallest ones last. Any
preferential recruitment of the presumed small type s. motoneurones would have to
rely upon a greater density or larger efficacy of the presynaptic input. A random
recruitment within type would only occur if the synaptic input within type were
correlated with input resistance, which however does not seem to be the case
(Fleshman, Munson & Sypert, 1981).

The present results suggested that part of the rheobase current variation was
related to differences in subthreshold rectification among the motoneurones. This
rectification was not measured directly but appeared as a discrepancy between the
estimated threshold depolarization and the product of rheobase current and input
resistance (measured close to resting level). This difference was practically always
positive, indicating that the apparent cell input resistance increased when threshold
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was approached. Such an increase of input resistance with membrane depolarization
(anomalous rectification) is a well known feature of motoneurones (Nelson & Frank,
1967), and measurements of voltage drops produced by current pulses also suggested
that the anomalous rectification in principle could account for the observed
discrepancy between threshold depolarization and rheobase ‘voltage’. The existence
of a rectification in this direction was further suggested from the observed relations
between the long and short current thresholds. Since the threshold depolarization
tended to increase with time, an absence of subthreshold rectification would have led
to long/short current pulse ratios higher than expected from the membrane properties
measured at resting level. The ratios tended instead to be lower than expected, a
finding which can be explained by a rectification in the observed direction.

The subthreshold rectification estimated in the present work differed among the
motoneurones, being both relatively and absolutely larger in slow than in fast
motoneurones. It was thus positively correlated with a.h.p. duration and membrane
time constant, but showed no correlation with total cell capacitance. This result
should probably not be taken to indicate that the inward current, likely underlying
anomalous rectification in this potential range (Liebl & Lux, 1975; see also Hotson,
Prince & Schwartzkroin, 1979), should be of greater magnitude in slow than in fast
cells. Instead, the variation in rectification corresponded closely to the variation in
input resistance between the different groups of motoneurones, suggesting no
systematic variation in the underlying current. This result is consistent with the
observation that the magnitude of the I; inward current, possibly underlying the
rectification in this potential range, appears to be similar over the motoneurone pool
(Schwindt & Crill, 1980). It should be noted that the systematic variation in
excitability introduced by this factor is only secondary to the systematic variation
in passive membrane properties.

The present study also showed a good agreement between the experimental
long/short current pulse ratios and those expected on the basis of passive membrane
properties measured at resting level. This result may seem somewhat surprising in
view of the apparent complexity of nerve cell membranes with a number of time and
voltage dependent conductance processes operating also in the sub- and near-threshold
membrane potential regions. However, if one examines motoneurones with brief time
constants (< 4 ms) for which the agreement looks the best, one may see that the good
fit is to some extent fortuitous. As indicated by the discrepancy between threshold
depolarization and rheobase ‘voltage’, such cells showed some subthreshold rectifi-
cation, giving a decrease in the expected threshold level for the long pulse corre-
sponding to about 2 mV on average. On the other hand, as indicated by threshold
depolarization measurements at short and long intervals using the spike-height
method, there was a threshold shift of about the same value, increasing the threshold
level for the long pulse. Thus, taking into account these two factors whose effects can
be evaluated independently of the current threshold measurements themselves, the
good agreement can in fact be expected.

To the extent that a third factor influences the current thresholds differentially,
there must be an additional fourth factor balancing its effect. For example,
voltage-clamp experiments have alluded to the presence of a fast transient outward
current in motoneurones (Schwindt & Crill, 1980). Such a current might activate fast
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enough to affect the short current threshold, but would inactivate and have little
effect on the long pulse current. As mentioned in the Results section, inspection of
the trajectories resulting from rheobase current pulses gave no clear indication of the
presence of such a current. However, one cannot exclude that with this type of
current-clamp activation the action of this current is obscured by the other currents
present, and/or that it is more effectively triggered in isolation by the short pulse.
The good agreement between the experimental and theoretical ratios suggests,
however, that if this current is present in motoneurones and does significantly affect
the short pulse current threshold, it must be well balanced by another as yet
undetermined factor.

A 7-fold variation of short-pulse current threshold and an over-all variation in
rheobase current about twice that value was observed. From the analysis, the
variation in short-pulse current thresholds was explained by taking into account
variations in size, geometry and threshold depolarization, the additional increase in
range for rheobase currents given by variations in resistivity and subthreshold
rectification. As should be clear from the discussion above (see also Gustafsson &
Pinter, 1984), each of these determining factors has been obtained in indirect ways
and each is also subject to problems of interpretation, for example with respect to
the resting potential dependence of threshold depolarization. Any conclusion as to
the exact role of any of these factors in setting current thresholds must clearly remain
provisional. Nevertheless, if cell capacitance is taken as a size estimate (see Gustafsson
& Pinter, 1984), it is clear that its 3-fold variation can only directly account for a
minor part of the rheobase current range. Any dependence of rheobase current on
size could only arise to the extent that the other factors determining current threshold
are size-related. However, as shown here, none of these factors show much correlation
with cell capacitance, and the over-all correlation between rheobase current and
capacitance is also rather low (r = 0-47). This result implies that only about 25 %, of
the over-all variation in rheobase current can be explained on the basis of size or
size-related factors.

As discussed previously (Gustafsson & Pinter, 1984), the key factor deciding the
functional variation of input resistance over the motoneurone pool seems to be
specific membrane resistivity rather than size. The present results also showed a very
strong correlation (r = 0-88) between rheobase current and the inverse value of the
time constant, suggesting that about 80 %, of the over-all 16-fold variation in rheobase
current is explained by variation of membrane resistivity. This strong co-variation
is partly related to the direct effect of resistivity itself (about 4-fold over-all range),
but is to a large extent also related to the correlation shown to exist between the
time constant and other factors setting current threshold such as geometry, threshold
depolarization and subthreshold rectification. It was also noted that the short current
thresholds, despite being independent of resistivity itself, were better correlated with
the inverse value of the time constant than with cell capacitance. It thus seems that
specific membrane resistivity may be viewed as the key factor underlying the over-all
variation in rheobase current. The higher threshold currents observed for fast
motoneurones are then more a consequence of their lower specific membrane
resistivity in association with more expansive dendritic trees, smaller subthreshold
rectification and higher threshold depolarizations, than of larger surface areas.
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As discussed by numerous authors (Henneman, Somjen & Carpenter, 1965;
Henneman & Olson, 1965 ; Milner-Brown, Stein & Yemm, 1973 ; Fleshman et al. 1981 ;
Harrison, 1983), the most effective manner of recruitment seems to be one in which
muscle units of successively greater tension are recruited in an orderly manner.
This would insure that at any operating force, the force added by recruitment
of extra units would be proportional to that force level. Hence, fine gradation
of force output is preserved independently of the operating level. To achieve
this type of behaviour, it would seem reasonable to structure the motoneurone pool
in such a way that the over-all range of muscle unit tension is somehow matched by
or correlated with the range of motoneurone excitability. It has been suggested
that the key organizational factor underlying this structure is size (Henneman et al.
1965; Henneman & Olson, 1965; Henneman & Mendell, 1981); the smallest
motoneurones innervate the lowest tension producing units, and all other factors
deciding excitability, such as synaptic input, or basic cellular features, such as voltage
threshold, would be organized in relation to cell size to ensure that smaller
motoneurones are recruited first. However, it is difficult to reconcile all of the
assumptions of this view with recent experimental findings. In particular, both direct
horseradish peroxidase (Ulfhake & Kellerth, 1982; Burke et al. 1982) and indirect
electrophysiological estimates of cell size (Gustafsson & Pinter, 1984) indicate that
motoneurones of similar size can innervate muscle units of widely different mechanical
characteristics, and the average size differences between motoneurones innervating
slow and fast muscle units seem to be much less than previously believed. The
alternative view that size is only of relatively limited importance in deciding the range
of functional excitability is strongly indicated by the present data, at least with
respect to its importance as a key post-synaptic factor.

When considering how the motoneuronal pool should be structured to achieve the
functional goal mentioned above, it may seem reasonable that the range of
motoneurone excitability should be set by intrinsic factors largely independent of size
itself, these factors being correlated with muscle unit tension. With an equal density
of synaptic innervation over the motoneurone pool, such an organization would allow
for the standard scheme of recruitment mentioned above. Any other use of the
motoneurone pool outside this recruitment pattern could then be achieved by a
specific use of the synaptic input. As shown in the present study, there exists a large
variation in excitability over the motoneurone pool, and specific membrane resistivity
seems to be the intrinsic factor best correlated with it. Although information about
the relation between resistivity and muscle unit tension is still lacking, the fact that
resistivity (or time constant) is well correlated with a.h.p. duration and input
resistance and increases systematically from the present presumed s., to f.r., and to
f.f. groups (Gustafsson & Pinter, 1984), suggests that resistivity should also be well
correlated over-all with muscle unit tension. Consequently, one may suggest that the
motoneurone pool is so structured such that the variation in functional excitability
is set by resistivity and resistivity-related intrinsic factors, possibly in conjunction
with a resistivity-related variation in synaptic input.

While this type of structure may operate over-all, one may ask to what extent this
may also be true within a motor unit type. For example, it might be argued that
the strong over-all relation between rheobase and time constant is not indicative of
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a functional continuum but is rather the result of pooling data from distinctly
different motoneurone subgroups in which the observed relations are not present.
However, this does not seem to be directly the case, since significant correlations
between rheobase and the inverse of time constant were present also within the
present motoneurone subgroups, and it seems likely that the same should be true
within motor unit types as well. The results thus suggest that the factors which
organize the over-all range of motoneurone intrinsic excitability are operative, at least
to a considerable extent, also within functional subgroups.
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