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SUMMARY AND CONCLUSIONS 

1. Intracellular recordings were obtained from 149 motoneu- 
rons innervating triceps surae ( y2 = 109 ) and more distal muscles 
(~1 = 40) in 14 pentobarbital-anesthetized monkeys (Macaca 
nemestrina). The variables evaluated were resting membrane po- 
tential, action potential amplitude, conduction velocity (CV), in- 
put resistance (RN), membrane time constant (7,), electrotonic 
length (L), whole-cell capacitance ( Ctot), long current pulse 
threshold (rheobase), short current pulse threshold ( Ishort), after- 
hyperpolarization ( AHP) maximum amplitude ( AHP,,,), AHP 
duration (AHP,,,), time to half maximum AHP amplitude 
( AHP,,,), depolarization from resting potential to elicit action 
potential (I/d&, and threshold voltage for action potential dis- 
ChwF ( Kllr > * 

2. Mean values & SD for the entire sample of motoneurons are 
as follows: resting membrane potential -67 t 6 mV; action poten- 
tial amplitude 75 t 7 mV; CV 7 1 t 6 m/s; R, 1 .O t 0.5 Mfi; ~~4.4 
t 1.5 ms; L 1.4 t- 0.2 X; Ctot 7.1 t 1.8 nF; rheobase 13 rf~ 7 nA; Ishort 
29 -t- 14 nA; AHP,,, 3.5 t_ 1.3 mV; AHP,,, 77 rt 26 ms; AHP,,,Z 21 
t 7 ms; vdep 11 t 4 mV; and I& -56 t 5 mV. CV is lower in 
soleus than in either medial or lateral gastrocnemius motoneu- 
rons, and R, is lower and 7, is longer in soleus than in lateral 
gastrocnemius motoneurons. 

3. R, is higher in motoneurons with longer 7, and slower CV. 
A linear relationship exists between log( CV) and log( 1 /RN) with 
a slope of 1.8-2.2 (depending on the action potential amplitude 
acceptance criteria used), suggesting that membrane resistivity 
(R,) does not vary systematically with cell size. 

4. Rheobase is higher in motoneurons with lower R,, longer 
7,) shorter AHP time course, and higher CV. Ishort and normalized 
rheobase (i.e., rheobase/ Ctot) vary similarly with these motoneu- 
ron properties, except that Ishort is independent of 7, and normal- 
ized rheobase is independent of CV. 

5. I& tends to be more depolarized in motoneurons with large 
Ctot, but the relationship is sufficiently weak so that any systematic 
variation in I& according to cell size probably contributes only 
minimally to recruitment order. I& does not vary systematically 
with CV, AHP time course, R,, or 7,. 

6. Quantitative differences between macaque and cat triceps 
surae motoneurons are apparent in CV, which is slower in ma- 
caque than in cat, and to a lesser extent in 7, and R,, which are 
lower in macaque than in cat. These data, along with available 
anatomic data, suggest that R, may be lower in macaque moto- 
neurons than in cat motoneurons. 

7. Comparison of the present primate data with those from cat 
suggests that intraspecies relationships between motoneuron prop- 
erties are qualitatively similar. However, excitability of macaque 
motoneurons appears to vary systematically with motoneuron 
properties related to both R, and cell size. 

INTRODUCTION 

Electrophysiological analyses of motoneurons and their 
synaptic inputs have furnished considerable insight into the 

organization of segmental motor output and have gener- 
ated hypotheses accounting for the orderly recruitment of 
the motoneuron pool. However, almost all of these studies 
are in the cat or in other subprimate species. Few studies 
have provided data from nonhuman primates on the prop- 
erties of motoneurons and their segmental synaptic interac- 
tions (Clough et al. 1968a; Hongo et al. 1984), and human 
data are currently limited to measurements of axonal con- 
duction velocity (CV) (Smorto and Basmajian 1979) and 
indirect estimates of synaptic interactions (Ashby and Zilm 
1982; Bergmans et al. 1978; Mao et al. 1984; Pierrot-Deseil- 
ligny et al. 198 1). As a result, present models of motoneu- 
ron function and segmental motor organization are based 
largely on subprimate data, and their relevance to primates, 
including humans, is unclear. Further study of motoneuron 
properties in primates is essential. 

The purpose of the experiments described here was to 
delineate the electrophysiological properties of spinal moto- 
neurons innervating hind limb muscles, including triceps 
surae (TS) in monkey. The results permit comparison of 
primate with subprimate species and also serve as a control 
group for other primate studies now under way in this labo- 
ratory (Wolpaw 1987; Wolpaw and Lee 1989). Portions of 
this work have been presented in abstract form (Carp and 
Wolpaw 1990; Carp et al. 1989). 

METHODS 

Animal preparation 

Experiments were performed in 14 male pigtail macaques (Ma- 
caca nemestrina) weighing between 4.5 and 9.3 kg (mean 7.1 kg). 
All animal procedures were in accord with DHEW Publication 
(NIH) 85-23, “Guide for the Care and Use of Laboratory Ani- 
mals,” and had been reviewed and approved by the Institutional 
Animal Care and Use Committee of the Wadsworth Center. 

Anesthesia was induced with ketamine (7 mg/ kg im) and then 
deepened and maintained with pentobarbital sodium (initial dose 
of 15 mg/ kg iv, then 3-4 mg/ kg iv every 30 min). A single dose of 
atropine was also administered at the time of induction (0.03 mg/ 
kg im). An endotracheal tube was inserted to maintain airway 
patency, and the brachial vein was cannulated for drug administra- 
tion and fluid replacement. Animals were supported in a rigid 
frame by stereotaxic headholder, hip pins, and clamps on the T ll 
spinous process and both knees. Throughout the experiment, 
heart rate, expired CO:!, and urine volume, specific gravity, and 
pH were monitored, and deep surgical anesthesia [verified regu- 
larly by absence of response to vigorous palpebral or tracheal stim- 
ulation; no respiratory or cardiac response to surgery (Green 
1979; Steffey 1983)] was maintained. At the end of the study, the 
anesthetized animal was killed with an overdose of intravenous 
pentobarbital. 

Following an L,-L, dorsal laminectomy, the dura was cut longi- 
tudinally, gently retracted laterally, and pinned to the underlying 
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muscle. The dentate ligaments were cut, and the L,-L, spinal cord 
segments were elevated ~4 mm above the vertebral column on a 
plastic platform. Lifting the spinal cord in this manner decreased 
movement artifacts caused by respiratory and cardiac pulsations 
and thus facilitated intracellular recording. The nerves innervat- 
ing the TS muscles [i.e., medial gastrocnemius (MG), lateral gas- 
trocnemius (LG), and soleus (SOL)] and the tibia1 nerve distal to 
the TS nerves (DT) were dissected free from surrounding tissue in 
both hind limbs, cut distally, and placed on bipolar stimulating 
electrodes. A silver monopolar electrode recorded the cord dor- 
sum potential evoked by peripheral nerve stimulation. Mineral oil 
pools were formed by retracting the cut skin edges of the incisions 
in the back and legs. Heat lamps maintained the back mineral oil 
pool and rectal temperatures at 37-39°C and the leg mineral oil 
pools at 35-37OC. 

each cell to minimize the effects of electrode resistance and capaci- 
tance on the voltage recording. Membrane potential and a voltage 
signal proportional to injected current were low-pass filtered (DC- 
6 kHz) and amplified to take advantage of the full range of the 
analog-to-digital converter during sampling (2 12 kHz) by com- 
puter. 

Criteria jbr inclusion in the data pool 

Just before the beginning of the recording session, a bilateral 
pneumothorax was performed and the animal was ventilated with 
a respirator using room air. Neuromuscular blockade was then 
established with gallamine triethiodide (3 mg/kg iv initially, sub- 
sequently supplemented by 1.5 mg l kg-’ l 30 min-’ ). Because 
neuromuscular blockade prevented assessment of motor response 
to painful stimulation, maintenance of deep surgical anesthesia 
was ensured by continuing the established pentobarbital dosage 
schedule and by monitoring heart rate and pupillary light reflex. 
On the few occasions when heart rate increased or a pupillary light 
reflex was observed, the pentobarbital dosage was increased. Respi- 
ratory rate and volume were adjusted to maintain expired CO, at 
or slightly below prepneumothorax levels (typically 29-33 
mmHg). In the last 10 experiments, dexamethasone (0.25 
rngo kg-’ l h-’ iv) was begun at the time of the pneumothorax to 
reduce spinal cord edema over the 18- to 24-h period of intracellu- 
lar study. Because no significant differences were found in any of 
the motoneuron properties described below between dexametha- 
sone-treated and untreated animals, the data from all of these 
animals were treated as a single group. 

Intracellular recording 

Action potential amplitude is thought to be sensitive to impale- 
ment-induced damage. Thus it is commonly used as a criterion for 
acceptance of a cell into the data pool. However, there is little 
agreement on the most appropriate cutoff value to use. Data were 
obtained from 169 motoneurons with action potential amplitudes 
ranging from 47 to 92 mV. To select an appropriate value, input 
resistance (RN) and membrane time constant ( 7m) -properties 
that would be expected to be sensitive to this type of damage (Jack 
1979; Rose and Vanner 1988)-were compared in motoneurons 
grouped according to action potential amplitude (see Electrophysi- 
ological properties below for methodology). As Table 1 indicates, 
R, and 7, vary little with action potential amplitude for cells with 
action potentials 260 mV, but are low if action potentials are ~60 
mV. R, and 7, are slightly higher in cells with action potentials 
280 mV than in those with action potentials 260 mV and ~80 
mV. On the basis of these data, only motoneurons with antidromi- 
tally or current-evoked (0.5 ms pulse duration) action potentials 
of 260 mV and with stable resting membrane potentials are in- 
cluded in the data analysis presented here. The suitability of this 
cutoff value is supported by the lack of any statistically significant 
linear relationship between either resting potential and R, or 7, 
( r2 = 0.01, P > 0.2 in both cases) for cells in the accepted range. 
The 60 mV cutoff is comparable to that used in some studies 
(Fleshman et al. 198 1; Kernel1 and Zwaagstra 198 1) but lower 
than that used in others (Gustafsson and Pinter 1984a,b). Given 
the more inclusive action potential amplitude cutoff used here, 
cases in which raising this cutoff affected statistical analysis are 
mentioned in the text. 

Intracellular recordings from spinal motoneurons were per- 
formed with glass micropipettes initially formed with a vertical 
puller and then either beveled or reshaped using a microforge 
(Dold and Burke 1972). Electrodes were filled with 3 M potas- 
sium acetate plus 0.0 1 M KC1 and had DC resistances of 2-8 MQ. 
The micropipette tip was positioned between midline and the dor- 
sal root entry zone of the Lb-L, segments with the electrode point- 
ing laterally 15-25 O from the vertical. The motoneuron pools were 
located by advancing the micropipette with a stepping microdrive 
through the spinal cord, seeking the extracellularly recorded anti- 
dromic field potential elicited by electrical stimulation of the pe- 
ripheral nerves (~-HZ, 0.05-ms pulses from an isolated stimula- 
tor). Cells were recorded from both sides of the spinal cord. The 
micropipette was connected to a high-impedance amplifier. 
Bridge balance and capacitance compensation were adjusted for 

Electrophysiological properties 

In each motoneuron, a complete set of measurements of CV, 
current and voltage thresholds, R,, time constants, and afterhy- 
perpolarization (AHP) characteristics was attempted, but it was 
not always obtained because loss of resting membrane potential or 
decrease in action potential amplitude sometimes curtailed record- 
ing. In some cells, composite homonymous and heteronymous 
excitatory postsynaptic potentials ( EPSPs) to peripheral nerve 
stimulation were recorded, but these data are not reported here. 

CV was calculated as the distance between the proximal periph- 
eral nerve stimulating electrode (cathode) and the intracellular 
recording site (measured postmortem after exposing the nerve) 
divided by the latency of the antidromic action potential. Because 
dorsal roots were left intact for EPSP recording, detection of anti- 

TABLE 1. Comparison ofmotoneuron properties among cells with d@erent AP amplitudes 

AP<6OmV 6OmV<AP<7OmV 7OmVrAP<75mV 75mVrAP<8OmV APr8OmV 

Membrane potential, mV* -54 -t 8 (20) -62 f  4 (36) -65 L -68 -72 AI 
AP amplitude, mV* 

4 (35) ~fr 4 (48) 6 (30) 
55 -t 4(20) 66 t- 3 (36) 73 + 1 (35) 78 of: 2 (48) 84 -t 

CV, m/s 
3 (30) 

71 rir6(20) 72 f  5 (36) 72 AI 7 (35) 71 *5(48) 68 I!I 8 
R,, MQt 

(30) 
0.6 I!I 0.3 (12) 1.0 k 0.4 (30) 0.9 IL 0.4 (26) 0.9 t- 0.4 (44) 1.2 IL 0.6 

7 msS 

(28) 
my 2.6 AI 1.9 (11) 4.3 z!z 1.7 (24) 4.1 _+ 1.2 (23) 4.3 Z!I 1.1 (42) 4.8 + 2.0 (28) 

Values are means + SD. Values in parentheses are number of cells. AP, action potential; CV, conduction velocity; R,, input 
time constant. *p < 0.00 
AP 2 80 group (P < 0.0 

for overall difference among means. tP -c 0.0 1 
). SAP < 60 group significantly different from 

resistance; T, , membrane 
for 0 Vera11 difference among means; AP < 60 group significantly 
60 5 AP < 70,75 5 AP < 80, and AP 2 80 groups (P -c 0.01). 

differen t from 
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dromic firing and determination of latency was often difficult be- 
cause of the presence of EPSPs of shorter latency, a problem that 
has also been reported in some cat motoneurons (Eccles et al. 
1957 ) . In such cases, responses with and without action potentials 
to a just-threshold stimulus were averaged ( ~25 responses each) 
and subsequently subtracted. The resulting trace provided an esti- 
mate of the antidromic action potential alone that was used for 
calculating the CV. 

The AHP after an action potential was delineated by averages of 
50 action potentials elicited by short (0.5 ms) current pulses. It 
was quantified in terms of three variables: 1) maximum amplitude 
(AHP,,,), defined as the difference between the resting potential 
and the most negative membrane potential observed during the 
AHP; 2) duration (AHP,,,), defined as the time between the end 
of the action potential (i.e., when the membrane potential repolar- 
ized to the mean prespike resting potential) and membrane poten- 
tial depolarization to within 2 SD of the mean prespike mean 
resting potential; and 3) time to half amplitude (AHP,,), defined 
as the difference between the time of occurrence of the AHP,,, 
and the time when the AHP amplitude decreased to half of 
the AHP,,, . 

R, and time constants were determined from averages of 75- 
125 voltage responses to two to six different small-amplitude (0.5- 
3.0 nA) IOO-ms hyperpolarizing current pulses. R, was estimated 
as the ratio of the maximal membrane potential deflection during 
the current pulse to the amplitude of the current pulse. Time con- 
stants were estimated from the membrane potential trajectory 
after the current pulse using a curve peeling method based on that 
described by Zengel et al. ( 1975 ) . This method is based on a sim- 
ple electrical model of the motoneuron (Ito and Oshima 1965 ) in 
which the voltage response is the sum of three first-order processes 
reflecting somatic (and proximal dendritic) passive current flow 
(7,)) current redistribution between soma and dendrites (7&, 
and activation of a conductance mechanism underlying a slower 
“sag” of the membrane potential back toward its resting level 
(7sag). The method for determining the time constants of these 
three processes is illustrated in Fig. 1. The procedure for determin- 
ing R, and time constants was performed as soon as the mem- 
brane potential and action potential amplitude stabilized. When 
possible, this procedure was repeated at the end of the cell’s record- 
ing session. Final estimates of R, and time constants were aver- 
ages of all the individual values. Electrotonic length (L) was calcu- 
lated on the basis of Rall’s model of neuronal electrotonic behav- 
ior for sealed-end boundary conditions (Rall 1969) using 
estimates of 7, and 7,q obtained from the curve peeling procedure 
described above. Whole cell capacitance ( Ctot) was estimated for 
motoneurons in which calculations of R,, 7,, and L were avail- 
able using the equation described by Gustafsson and Pinter 
(1984a). 

The sag phenomenon was present in almost all motoneurons 
studied, which could result in underestimation of R, (Gustafsson 
and Pinter 1984a). The percent underestimation of R, (%R,,) 
was calculated from the fitted time constants and scaling fac- 
tors obtained from the curve peeling procedure described above, 
where % R,, is defined as {[l - (R N predicted by all three components I 
R N predicted without sag component )] X 100 } at the time when membrane 
potential reached its minimum. %R,, for the entire sample of 
motoneurons is 13 t 5%, mean t SD (range 3-27%). Values of 
RN reported here are not corrected for error introduced by sag, 
because there is no systematic variation in % R,, among the four 
motoneuron pools ( 15 * 6, 13 t_ 4, 13 t 5, and 13 ~lfr. 6% for MG, 
LG, SOL, and DT motoneurons, respectively) and there is no 
relationship between % R,, and RN ( r2 = 0.02, P > 0.1 for linear 
regression). On the other hand, AHP,,, tended to be shorter in 
cells with higher % R,, ( r2 = 0.15, P < 0.00 1 for linear regression), 
which is consistent with observations in cat motoneurons (Gus- 
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FIG. 1. Example of method of determining time constants from mem- 
brane potential trajectory in response to a 1 00-ms hyperpolarizing current 
pulse whose duration is indicated by the horizontal bar under the voltage 
trace (A). Membrane potential after the end of the current pulse is plotted 
as a function of time on semilogarithmic axes (B and C), where t = 0 
corresponds to the end of the current pulse. Time constants are estimated 
as - 1 /slope of the regression line calculated over the linear portion of the 
voltage decay. After calculating the time constant for activation of a con- 
ductance mechanism underlying a slower sag of the membrane potential 
back toward its resting level [ T,~ (B)], the regression line is subtracted 
from the data, which is then replotted to allow calculation of the time 
constant for somatic and proximal dendritic passive current flow [ 7, (C, 
top)]. The process is then repeated to calculate the time constant for 
current redistribution between soma and dendrites [ T,~ (C, bottom)]. 

tafsson and Pinter 1984a) and the hypothesis that AHP time 
course is influenced by sag (Gustafsson and Pinter 1985b). 

To determine long current pulse threshold (rheobase), short 
current pulse threshold ( Ishoti), and action potential threshold, 
single action potentials were elicited by injection of long ( 100 ms) 
or short (0.5 ms) depolarizing current pulses that elicited an ac- 
tion potential in -50% of the trials. Rheobase and Ishort were de- 
fined as the amplitude of the long and short current pulses, respec- 
tively. The amount of depolarization from the resting potential 
required for action potential initiation ( I/dep) was calculated as the 
difference between the action potential amplitude elicited by the 
short current pulse and that elicited by the long current pulse. The 
absolute threshold voltage for action potential initiation (v&.) was 
calculated as the sum of the resting potential and vdep. Because of 
the dependence of action potential amplitude on resting mem- 
brane potential (slope -0.72, r2 = 0.40, P < 0.0001 for linear 
regression ) , I’$ep and vthr were calculated only for cells in which 
the difference in resting potential between long and short current 
pulse trials was 5 1 mV. 

Statistical analysis 

Statistical analysis of intergroup differences was performed us- 
ing analysis of variance. Relationships between variables were as- 
sessed by linear regression. Differences with P values ~0.0 1 were 
considered to be statistically significant. This stringent P value was 
considered appropriate given the large number of relationships 
evaluated. 



1124 J. S. CARP 

RESULTS 

Description ofdata pool 

Data were obtained from 149 motoneurons with action 
potentials 260 mV and stable resting potentials. The sam- 
ple consisted of 109 TS motoneurons ( 32 MG, 38 LG, and 
39 SOL) and 40 DT motoneurons. Table 2 is a summary of 
the data from the entire sample of motoneurons, from TS 
motoneurons, and from each individual pool of motoneu- 
rons. There are significant differences among the individual 
motoneuron pools in CV, R,, and 7, (P c 0.0 1 for R,, P < 
0.001 for CV and 7, by analysis of variance). Intergroup 
comparisons indicate that SOL motoneurons have slower 
CV than MG or LG motoneurons and have higher R, and 
longer 7, than LG motoneurons. DT motoneurons have 
slower CV and lower 7, than MG motoneurons and lower 
R, than SOL motoneurons. Rheobase tends to be lower in 
SOL than in the other motoneurons, but the difference does 
not meet the criterion for statistical significance used here 
(0.04 > P > 0.03). Values for all other motoneuron proper- 
ties are similar among the four individual motoneuron 
pools. 

It should be noted that some properties were measured in 
most motoneurons (e.g., R,, 7,, and L), whereas others 
were obtained from a more limited number ( e.g., I/dep, I&. , 
and AHP characteristics). Assessment of the latter proper- 
ties often necessitated passing large currents intracellularly. 
Under this condition, nonlinear behavior of the electrodes 
sometimes rendered these measurements unreliable. In ad- 
dition, threshold measurements were based on the results of 
two independent tests with a stringent criterion for match- 
ing resting potential between them, and thus were obtained 
from only about half of the cells. 

There are no explicit electrophysiological criteria (e.g., 
CV ranges) in this species for determining whether these 
cells are a- or y-motoneurons. However, EPSPs of mono- 
synaptic latency were elicited in all motoneurons in which 

TABLE 2. Summary of macaque motoneuron properties 

they were sought, including those with CVs as low as 54 
m/s [ monosynaptic EPSPs were not evaluated in the only 2 
cells with lower CVs (49 and 52 m/s)] . Because y-motoneu- 
rons in other species do not receive monosynaptic inputs 
(Baldissera et al. 198 1 ), the present cell population proba- 
bly consists predominantly, if not exclusively, of a-moto- 
neurons. 

In presenting the data, motoneurons are pooled from left 
(n = 63) and right (n = 86) sides of the spinal cord. This 
appears to be justified, because no statistically significant 
right /left differences are found for any of the variables 
tested in the entire population of motoneurons or for TS 
motoneurons alone (P > 0.1 for all comparisons). 

The possibility that properties of motoneurons recorded 
early in the 1 S- to 24-h recording sessions were not equiva- 
lent to those recorded late (i.e., when the spinal cord was 
presumably less healthy because of prolonged deep anesthe- 
sia and multiple electrode penetrations) required evalua- 
tion. Resting potential and action potential amplitude did 
not appear to vary systematically over the prolonged time 
course of these experiments ( r2 = 0.00, P > 0.4 for linear 
regressions of membrane potential and action potential 
amplitude on time of recording). Thus pooling dat? from 
motoneurons studied throughout this time course appears 
to be justified. 

The following sections assess the entire population of mo- 
toneurons and describe several relationships among their 
properties. Comparable relationships are also found for TS 
motoneurons alone. 

Relationship between R, and other motoneuron properties 

Theoretically, R, is expected to be determined by cell 
surface area, membrane resistivity (R,), and cell geometry 
(Rall 1977). Data from cat motoneurons are generally con- 
sistent with this model (Burke et al. 1982; Fleshman et al. 
198 1; Gustafsson and Pinter 1984a). These relationships 
are evaluated below for macaque motoneurons. 

All cells All TS MG LG SOL DT 

Resting potential, 
mV - 

AP amplitude, 
mV 

CV, m/s 
RN, Mfi 
7 my ms 

L x 

Rheobase, nA 
I short, nA 

Ctot~ nF 

V dep? mV 

Khr, mV 
- 

AHpdur, ms 

AHP,?,, ms 
AHPmax 3 mV 

67 it_ 6(149) 

75 z!I 7 (149) 
71 I+ 6(149) 

1.0 + 0.5 (128) 
4.4 + 1.5 (117) 
1.4 f 0.2 (115) 

13 t 7(113) 
29 + 14 (77) 

7.1 -t 1.8 (115) 
11 -t 4 (80) 
56 IL 5 (80) 
77 AI 26 (96) 
21 + 7 (96) 

3.5 -t 1.3 (96) 

-66 rt_ 6 (109) -65 +_ 5 (32) -67 k 5 (38) - 

75 iI 7(109) 
71 t 7(109) 

1.0 k 0.5 (94) 
4.6 + 1.6 (84) 
1.4 rt 0.2 (82) 

12 + 7 (82) 
28 of: 15 (50) 

7.3 + 1.9 (82) 
12 -t 4 (53) 

-55 t 5 (53) - 
78 IL 27 (66) 
21 k 7 (66) 

3.5 f 1.4 (66) 

76 + 7 (32) 74 III 6 (38) 
74 -t 8 (32) 72 +_ 5 (38) 

1.0 I!I 0.5 (27) 0.8 + 0.3 (32) 
4.9 I.L 1.6 (22) 3.9 f 1.0 (29) 
1.3 t 0.2 (22) 1.4 t 0.1 (29) 

12 IL 6 (19) 14 + 7 (32) 
30 2 17 (15) 31 I!I 14(23) 

7.7 z!I 2.0 (22) 7.5 k 1.9 (29) 
12 t 4(16) 12 t- 4 (20) 
55 2 4(16) -55 EL 6 (20) - 
74 +23(17) 75 + 24 (27) 
20 2 6 (17) 20 + 6 (27) 

3.3 2 1.5 (17) 3.5 in 1.2 (27) 

-66 I+_ 7 (39) - 

75 -t 7 (39) 
68 + 6 (39) 

1.2 z!x 0.5 (35) 
5.1 f 1.8 (33) 
1.4 1 0.1 (31) 

10 k 6 (31) 
20 t- lO(12) 

6.8 -rt 1.7 (31) 
11 It 4(17) 

-56 ~fi: 5 (20) - 
86 2 34 (22) 
24 IL 8 (22) 

3.5 2 1.5 (22) 

68 r+_ 6 (40) 

75 -t 6 (40) 
69 I+ 5 (40) 

0.9 -t 0.4 (34) 
3.8 it 1.3 (33) 
1.3 -t 0.2 (33) 

14 -t 6 (31) 
30 I!I 11 (27) 

6.8 4 1.7 (33) 
12 -t 4 (27) 
57 IL 5 (27) 
74 -t 23 (30) 
20 4 6 (30) 

3.6 -t 1.2 (30) 

Values are means + SD. Values in parentheses are number of motoneurons. TS, triceps surae; MG, medial gastrocnemius; LG, lateral gastrocnemius; 
SOL, soleus; DT, tibia1 nerve distal to TS nerves; AP, action potential; CV, conduction velocity; RN, input resistance; T, , membrane time constant; L, 
electrotonic length; rheobase, long current pulse threshold; &,oti, short current pulse threshold; ctot, whole-cell capacitance; Vdep, depolarization from 
resting potential required for action potential initiation; V&. , absolute threshold voltage for action potential initiation; AHP, afterhyperpolarization; 
AHPdur 7 duration of AHP; AHP,y*, time to half amplitude of AHP; AHP,,,, maximum amplitude of AHP. 
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FIG. 2. Log-log relationship between conduction velocity (CV) and in- 
put conductance ( GN) for cells with action potentials 275 mV ( l ) and for 
cells with action potentials 260 mV and ~75 mV (o ) . 

CV is commonly used as an index of cell size in studies of 
cat motoneurons because it has a positive linear relation- 
ship with soma diameter (Cullheim 1978 ) and a power re- 
lationship with motoneuron surface area (Barrett and Crill 
1974; Moschovakis et al. 199 1; Ulfhake and Kellerth 
1984). Similar relationships are found between CV and 
soma diameter in a small sample of macaque motoneurons 
(Lee et al. 1990) and, in the present data, between CV and 
Ctot, which is expected to be proportional to cell surface 
area [slope 1.2, r2 = 0.18, P < 0.000 1 for linear regression of 
log( Ctot) on log( CV) for all cells; slope 1.3, r2 = 0.26, P < 
0.000 1 for cells with action potentials 275 mV] . These ob- 
servations support the use of CV as an index (albeit imper- 
fect) of cell size. 

Motoneurons with high R, tend to have low CVs, 
whereas those with low R, tend to have high CVs, which is 
qualitatively similar to the relationship found in cats 
(Burke 1967, 1968a; Fleshman et al. 198 1; Gustafsson and 
Pinter 1984a; Kernel1 1966). Theoretically, input conduc- 
tance ( GN, the reciprocal of RN) should be proportional to 
CV (which is proportional to cell diameter) raised to the 
power of 1 S-2 for cells with greater to lesser dendritic con- 
tribution to GN (Kernel1 and Zwaagstra 198 1) . This simple 
model assumes that motoneurons of different sizes share 
common geometric proportions and intrinsic membrane 
properties. This assumption is likely to be true for these 
data, because L (and thus the dendritic architecture and 
intrinsic membrane properties that determine it) does not 
vary in any consistent way with CV or Ctot ( r2 = 0.00, P 3 
0.6 for linear regression of L on CV or Ctot). 

Figure 2 shows the relationship between GN and CV on 
double logarithmic axes. Regression analysis indicates a sig- 
nificant relationship between log( CV) and log( GN) ( y2 = 
0.17, P < 0.000 1). Thus, as in cat motoneurons (Burke et 
al. 1982; Fleshman et al. 198 1; Gustafsson and Pinter 
1984a), G, in macaque motoneurons appears to be only 
modestly dependent on cell size. The slope of the linear 
regression between these variables (i.e., the power to which 
the CV is raised to give the best linear fit of the log-trans- 
formed data) is 1.8. It should be noted the slope tends to 
increase as acceptance criteria more restrictive than the 
standard of action potentials 260 mV are applied. For ex- 
ample, the slope of this relationship is 2.2 ( r2 = 0.26, P < 
0.000 1) for all cells with action potentials 275 mV (Fig. 2, 
a). This value appears to approximate the maximum in 
that the slope does not vary by > 10% as the acceptance 
criterion varies in I-mV steps between 74 and 82 mV. Thus 
the slope of this relationship probably falls in the range of 
1.8-2.2, which is consistent with the prediction of the sim- 
ple model described above. In cats, comparable results have 
been obtained in some studies (Barrett and Crill 1974; Gus- 
tafsson and Pinter 1984a), but substantially higher slope 
values have been reported elsewhere (Kernel1 and Zwaag- 
stra 198 1). The wide range of values across studies may 
reflect differences in the criteria used for accepting moto- 
neurons into the data pool and/or in the method used to 
determine R, (see DISCUSSION). 

Although R, could not be evaluated directly in this 
study, it is proportional to 7,) since membrane capacitance 
( Cm) appears to have a characteristic value for lipid bilayer 
membranes, varying little among different types of neurons 
(Rall 1977). R, varies with 7, (Fig. 3A), with a linear 
regression accounting for a substantial portion of the varia- 
tion in R, ( r2 = 0.59, P < 0.0001). Because R, is a com- 
mon determinant of both variables, these data suggest that 
R, varies considerably in macaque motoneurons, as it also 
appears to do in cat motoneurons (Gustafsson and Pinter 
1984a; Ulfhake and Kellerth 1984). 

The relationship between 7, and R, would be expected 
to be linear only if the contributions of the other factors 
(i.e., L and surface area) are constant. L tends to be longer 
in cells with shorter 7, and shorter in cells with long 7,. A 
significant, but weak, relationship is found between L and 
1 / v7m ( r2 = 0.16, P < 0.000 1) as seen in cat motoneurons, 
which is consistent with the predicted inverse relationship 
between L and \lR, (Gustafsson and Pinter 1984a). Be- 

0 0 FIG. 3. Relationships between input resis- 
tance (RN) and (A) membrane time constant 
(TV) and (B) the combination of variables from 
the right side of Eq. I. 
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cause L appears to be independent of CV and Ctot (see 
above), factors related to cell size and geometry could con- 
tribute independently to R,. These data indicate that RN 
and motoneuron electrophysiological and anatomic proper- 
ties are related in a complex way. 

At present, the extent to which Rall’s model of the rela- 
tionship between R, and cell size, membrane properties, 
and geometry is applicable to macaque motoneurons can- 
not be assessed directly, because there are no detailed ana- 
tomic data with which to estimate R, and to determine 
whether the underlying assumptions of the model are met. 
However, assuming that 7, is proportional to R, and that 
CV raised to the power of 1.2 is proportional to motoneu- 
ron surface area (see above), the model predicts that 

Figure 3 B shows that there is strong linear relationship be- 
tween R, and the multiplicative combination of variables 

1 L 
R,K7,X~X- 

cv * tanh L 

on the right side of Eq. 1 ( r2 = 0.73, P < 0.0001). This 
suggests that this model provides a reasonable approxima- 
tion of the relationship between R, and these macaque mo- 
toneuron properties. 

Motoneuron excitability 

Rheobase, the current threshold of a neuron, is by defini- 
tion a measure of excitability. It is expected to be dependent 
on passive properties related to G,, action potential thresh- 
old properties, and other voltage-dependent properties ac- 
tive between resting and threshold potentials. Figure 4 
shows that rheobase varies directly with G, in macaque 
motoneurons ( r2 = 0.34, P < 0.0001 for linear regression; 
r2 = 0.54, P < 0.0001 for cells with action potentials 275 
mV). Because much of the variation in R, can be ac- 
counted for by factors related to cell morphology and R,, 
rheobase would also be expected to vary similarly with 
these variables. In fact, rheobase varies directly with Ctot 
(r2 = 0.18, P < 0.0001 for regression of rheobase on Cot) 
and inversely with 7, ( r2 = 0.10, P < 0.00 1 for regression of 
rheobase on l/7,). Stronger relationships are evident using 
more restrictive acceptance criteria (e.g., r2 = 0.26 and 0.25 
for cells with action potentials 275 mV for regression of 

-0 0.5 1 1.5 2 2.5 

G, w 

FIG. 4. Relationship between input conductance ( GN) and long 
current pulse threshold (rheobase) for cells with action potentials 275 mV 
(o ) and for cells with action potentials 260 mV and t75 mV (o ) . 
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FIG. 5. Relationships between (A) whole-cell capacitance ( Ctot ) and 
short current pulse threshold (Ishort) for the entire population of cells and 
(B) the inverse of membrane time constant (TV) and normalized long 
current pulse threshold [ rheobase (i.e., rheobase/ Ctot)] for cells with ac- 
tion potentials 275 mV ( l ) and for cells with action potentials 260 mV 
and ~75 mV (0). 

rheobase on Ctot and l/7,, respectively; P < 0.0001 for 
both regressions). 

Because the factors related to cell size, shape, and R, are 
themselves interrelated, it difficult to directly assess their 
relative contributions to rheobase. An alternative approach 
is to evaluate excitability using Ishort, which is expected to be 
determined primarily by cell size and geometry, with resis- 
tivity and other factors (e.g., voltage-dependent conduc- 
tances activated between resting and threshold potentials) 
having relatively little contribution (Gustafsson and Pinter 
1984b). Ishort varies directly with Ctot (Fig. 5A; r2 = 0.24, 
P < 0.000 1 ), but does not vary with 7, ( r2 = 0.0 1, P > 0.4 
for regression of Ishort on l/7,). Conversely, the role of 
factors other than cell size can be evaluated by normalizing 
rheobase by dividing by Cot. To the extent that Cm is con- 
stant among motoneurons (Rall 1977), Cot estimates cell 
surface area, and thus normalized rheobase reflects the 
cell’s current threshold per unit area. That this measure of 
excitability is independent of cell size is supported by its 
lack of relationship with CV ( r2 = 0.0 1, P > 0.2 for linear 
regression). Figure 5 B shows that normalized rheobase is 
negatively related to 7, ( r2 = 0.32, P < 0.000 1 for regres- 
sion of normalized rheobase on l/7,; r2 = 0.53, P < 0.000 1 
for cells with action potentials 275 mV ( 0 ) . The relation- 
ship is consistent with an inverse relationship between a 
motoneuron’s current threshold per unit area and its R,. 
These data suggest that both size and resistivity are determi- 
nants of a cell’s current threshold, but their relative contri- 
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the cat, current thresholds vary systematically with AHP 
time course. Rheobase, IShort, and normalized rheobase are 
negatively related to AHP,, (Fig. 6, A-C, respectively; r2 = 
0.53, 0.45, and 0.44 for regression on 1 /AHP,,,Z, respec- 
tively, with P < 0.0001 for all regressions) and to AHP,,, 
(r2 = 0.38, 0.43, and 0.35, for regression on l/AHP,,,, 
respectively; P < 0.000 1 for all regressions). These relation- 
ships appear to result from the covariation of AHP time 
course measurements with several factors that contribute to 
determining motoneuron excitability. Multiple regression 
of rheobase on three factors related to cell size, R,, and 
voltage threshold (i.e., Ctot, 7,, and Vdep, respectively) ac- 
counts for a substantial amount of the variance in rheobase 
and IShort (Table 3). Each of the three independent variables 
uniquely accounts for a significant portion of the total varia- 
tion in rheobase or IShort. For IShort, the r2 unique to l/7, is 
small, which is consistent with R, having little impact on 
excitability using short current pulses. For both regressions, 
the sum of the r2 uniquely attributable to each independent 
variable approximates the r2 for the whole regression 

FIG. 6. Relationships between time to half amplitude of the afterhyper- 
polarization ( AHP,,,?) and (A ) long current pulse threshold (rheobase) , 
(B) short current pulse threshold ( Ishort), and (C) normalized rheobase 
[ i.e., rheobase / whole-cell capacitance ( Ctot )] . 

model, suggesting that each factor contributes indepen- 
dently to excitability. Inclusion of 1 / AHP,, as a fourth inde- 
pendent variable in the multiple regressions (Table 3) only 
results in modest increase in whole model r2, despite the 
large r2 obtained using 1 /AHP,,,Z alone in simple regres- 
sions (see above). The r2 unique to each independent vari- 
able decreases such that their sum represents less than half 
of the r2 for the whole regression model. These analyses 
suggest that AHP,, largely accounts for the same aspects of 
rheobase and IShort as do 7,, CItot, and vdep. Inclusion of 
membrane potential as an additional factor in the multiple 
regression analysis does not alter this outcome. Individu- 
ally, each of these three independent variables are weakly 
related to AHP,, (Table 4), but together they form a spec- 
trum of motoneuron properties that are well related to 
AHP,,. Thus the systematic covariation of several moto- 

bution depends on the conditions under which the cell is TABLE 3* Regression analysis ofdependence of rheobase 

activated. on Clot, 7,) V&,, and AHP,, 
That the range of G, predicts a 5-fold range of rheobase 

values out of the observed 12-fold range suggests that other ? 

factors contribute to rheobase. Rheobase is also positively 
Dependent Independent 

related to v&, ( r2 = 0.24, slope 0.76 nA/mV, P < 0.0001). 
Variable Variable Without AHP,I/, With AHPQ, 

On the basis of a model of a purelv ohmic, nondendritic Rheobase l/%l 0.19* 0.04-t 

cell, v&P is expected to be equivalentto the product of rheo- C tot 

base and R, ( I&). Vdep and I& are positively related ( r2 = V dep 

0.37, P < 0.000 1). However, there is a weak tendency for 
1 /AHhI/, 

Vdep to be larger than ?JiR (average within-cell difference 1 t 
4 mV; 0.02 > P > 0.0 1). A similar phenomenon observed 

$~o~f~odel ? 

in cat motoneurons was attributed to the presence of a volt- 
age-dependent process resulting in subthreshold rectifica- 
tion (Gustafsson and Pinter 1984b). However, unlike the 
situation in cat motoneurons, the difference between Vdep 
and viR does not appear to vary consistently with AHP,,, or 

(r2 = 0.04, P > 0.05 and r2 = 0.00, P > 0.7 for linear 
FFgressions, respectively). 

In cats, the type of motor unit innervated by a motoneu- 
ron appears to be related to the time course of its AHP, and 
thus it is of interest if this motoneuron property varies in 
any consistent way with excitability. In the macaque, as in 

0.19” 0.06? 
0.19* 0.10* 
NA 0.10* 

0.57 
0.57” 

0.30 
0.71* 

I short 

Sum of? 
Whole model ? 

kl 

c tot 

V dep 
1 /AHhI/, 

o.osj- 0.00 

0.15* 0.03 
0.42* 0.24* 
NA 0.10* 

0.62 0.37 
0.67* 0.78* 

For each independent variable in the multiple regressions, ? is the vari- 
ance accounted for by the variable alone, sum of $ is the algebraic sum of 
the individual ? values, and whole model ? is the variance accounted for 
by regression on all independent variables. Abbreviations, see Table 2. NA, 
not applicable. *P < 0.0001. tP < 0.01. 
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TABLE 4. Relationships between AHP,, and other 
rnotoneuron properties 

this mechanism is not a major determinant of recruitment 
order in macaque motoneurons. 

Independent variable Slope Intercept r;! n 
DISCUSSION 

rrn* 1.54 14.8 0.09 90 
ctot* -1.16 29.4 0.10 89 
cv* -0.44 52.1 0.14 96 
L -8.9 1 33.1 0.05 89 
Vdept -0.47 26.6 0.09 71 
V thr -0.20 9.78 0.03 71 
RN$ 10.5 11.4 0.28 89 

Abbreviations, see Table 2. *P < 0.0 1. tP = 0.01. $P < 0.0001 for 
regression of AHP,, on motoneuron property. 

the pattern of recruitment. 
Both rheobase and v&-, tend to be lower in cells with 

neuron properties related to excitability may contribute to 

Interspecies dzfirences in motoneuron properties 

Most studies of spinal motoneuron properties have been 
performed in cats, whereas relatively few have evaluated 
these properties in primates. Table 5 presents data on pri- 
mate TS motoneurons from the present study and from 
another primate study and those from cat studies. The dif- 
ferences seen between cat and macaque are likely to reflect 
differences in intrinsic properties between macaque and cat 
motoneurons. 

--- 
macaque TS motoneurons than in cat TS motoneurons. In 
the present study, as in cat (Burke 1968a), SOL motoneu- 

7, appears to be shorter and R, appears to be lower in 

more depolarized resting membrane potentials ( r2 = 0.09, 
P < 0.0 1 and r2 = 0.19, P < 0.000 1, respectively, for regres- 
sions on resting potential), although I’&, decreases more 
gradually than the resting potential rises (slope of regression 
line -0.30 mV/ mV) . This probably reflects the tendency of 
v&. to be less negative for more depolarized resting poten- 
tials ( r2 = 0.5 1, P < 0.000 1 for linear regression). Similar 
variation in I& with resting potential has been reported for 
cat motoneurons (Pinter et al. 1983 ) and could reflect the 
voltage dependence of the mechanism responsible for ac- 
tion potential initiation. 

rons tend to have longer 7, and higher R, than gastrocne- 
mius motoneurons. Thus an artifactual interspecies differ- 
ence in these properties could occur if the present study 
consisted of a lower proportion of SOL cells than the cat 
studies. For the cat study in Table 5 in which the motoneu- 
ron distribution is available (Burke 1968a), the TS data 
sample consisted of 17% SOL motoneurons, whereas that 
in the present study consisted of 36% SOL motoneurons. 
This would tend to bias the present data toward higher aver- 
age values for 7, and R, in TS motoneurons, suggesting 
that the interspecies differences in these properties cannot 
be attributed simply to differential sampling of TS moto- 
neurons. Thus the differences in 7, and R, most likely 
reflect differences in motoneuron properties between cat 
and macaque. Assuming that Cm does not vary systemati- 
cally among motoneurons (Rall 1977), the shorter values 
of 7, in macaque suggest that R, is lower than in cat. The 
comparably lower values of R, in macaque are consistent 
with lower values of R, in this species, because R, is an 
important determinant of R,. 

Although a large portion of the variation in I& can be 
accounted for by variations in resting potential, differences 
in motoneuron excitability could result from systematic 
variations in I’& with other factors. As reported for cat 
motoneurons (Pinter et al. 1983), Vthf is not differentially 
distributed among motoneuron pools (Table 2) and is not 
significantly related to CV, AHP,,,, AHP,, , R,, or L in a 
way that is independent of resting potential (P > 0.1 for 
unique contribution of each property to multiple regression 
of I& on resting potential and each property). However, 
v& is positively, but weakly, related to Ctot in way that is 
independent of resting potential ( r2 = 0.06, P < 0.0 1 for 

Another interspecies difference is that CV of macaque TS 
motoneurons is lower than that of cat TS motoneurons. 
This difference is unlikely to be due to sampling bias result- 

unique contribution of Ctot to multiple regression of I& on ing from a high percentage of SOL motoneurons in the 
resting potential and Ctor). Although the tendency of I&r to present study, because the CVs of both SOL and gastrocne- 
be more depolarized in larger cells could contribute to the mius motoneurons are lower in macaque than cat (Burke 
preferential recruitment of smaller motoneurons, the weak- 1967). In addition, the average CV of macaque TS moto- 
ness of the relationship between Qhr and Ctot suggests that neurons is similar to that of baboon TS motoneurons 

TABLE 5. Comparison of TS motoneuron properties among studies in cats and primates 

Cat Baboon Macaque 

Burke 
1967, 1968a 

Gustafsson and 
Pinter 1984a,b 

Hongo et al. 
1984 Present study 

CV, m/s 99 + 2 (72-125) 83 & 1 (51-110) 68 -t 1 (57-76) 71 + 1 (49-87) 
RN, MQ 1.3 + 0.1 (0.4-5.9) 1.5 _+ 0.1 (0.6-4.0) 1.0 + 0.1 (0.3-3.1) 
AYIPdUr, ms ms 66 5.5 + k 0.3 3 (25-135) (2.8-9.3) 77 4.9 I!z iz 0.3 4 (39-150) (2.1-9.1) 82 I!I 4 (52-l 17) 78 4.6 AI I!I 0.2 3 (42-157) (1.8-8.3) 

Got 7 nF 6.1 t 0.2 (2.4-8.4) 7.3 IL 0.2 (3.9-l 1.3) 
Rheobase, nA 13 + 1 (l-29) 12 + 1 (3-31) 

Values are means & SE. Values in parentheses are ranges. In studies where values were not reported in the text, estimates were obtained from scatter 
plots using a high-resolution digitizing pad or from histograms. Data are pooled for all three TS muscles. Abbreviations, see Table 2. 
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(Hong0 et al. 1984) and other nonhuman primate spinal 
motoneurons (Clough et al. 1968b; Gilliatt et al. 1976; 
McLeod and Wray 1967 ) . The CV of human motoneurons 
is even slower than that of nonhuman primates (Borg et al. 
1978; Dengler and Stein 1987; Smorto and Basmajian 
1979). 

The differences in CV among these species do not appear 
to be related to differences in axon size, because axon diame- 
ter (and its correlate, soma diameter) are comparable 
among cats (Boyd and Davey 1968; Cullheim 1978), non- 
human primates (Janjua and Leong 1987; Jenny and Inu- 
kai 1983; Lee et al. 1990; C. L. Lee and J. R. Wolpaw, 
unpublished data), and humans (Kawamura et al. 1977). 
Similarly, the interspecies difference in CV is unlikely to 
result from a difference in the proportion of myelin to axon 
in the fiber, because large-diameter myelinated axons in cat 
(Arbuthnott et al. 1980) and human (Schroder et al. 1988) 
compose - 60-75% of total fiber diameter, a range within 
which variations in this proportion are expected to have 
little effect on CV (Goldman and Albus 1968; Smith and 
Koles 1970). Thus the large interspecies difference in CV is 
probably due to other factors, such as myelin sheath resis- 
tance, internodal distance, or intrinsic properties of the ax- 
onal membrane (Coppin and Jack 197 1; Friede 1986; 
Funch and Faber 1984; Moore et al. 1978). For example, a 
lower value of R, in primates than in cats, as suggested 
above for the present data, could contribute to the interspe- 
ties difference in CV, assuming that differences in somato- 
dendritic R, are also present in the axonal membrane. 

Interspecies dijkrences in distributions 
properties between motoneuron pools 

motoneuron 

The distributions of CV, AHP,,,, and R, between moto- 
neurons innervating gastrocnemius and SOL muscles ap- 
pear to be less pronounced in macaque than in cat. In ma- 
caque, the average CV of gastrocnemius motoneurons is 7% 
higher than that of SOL motoneurons, whereas it is 20-24% 
higher in cat; in macaque, AHP,,, is only 15% longer in 
SOL and than in gastrocnemius, whereas in cat, it is 58- 
79% longer in SOL than in gastrocnemius; and in macaque, 
the average R, is 33% higher in SOL than in gastrocnemius, 
whereas in cat, it is 82- 180% higher in SOL than in gastroc- 
nemius [cat data from Burke ( 1967), Burke et al. ( 1982), 
Cullheim ( 1978 ) , and Hammarberg and Kellerth ( 1975 ) ] . 

These differences could result from the differential distri- 
bution between macaque and cat of some common factor 
with which each of these properties covaries. One possible 
factor is motor unit type. In cat, the distribution of motor 
unit types differs in gastrocnemius and SOL muscle. Cat 
SOL muscle consists of -95- 100% slow twitch fibers, 
whereas gastrocnemius muscles are composed of only 
-25% slow-twitch fibers (Burke 198 1). Motoneurons in- 
nervating S-type motor units tend to be smaller and to have 
higher R, and longer AHP time courses than those inner- 
vating F-type motoneurons (Burke 1967, 1968a; Burke and 
ten Bruggencate 197 1; Burke et al. 1982; Hammarberg and 
Kellerth 1975; Ulfhake and Kellerth 1982). On the basis of 
the distribution of motor unit types in these two muscles, 
cat SOL motoneurons would be expected to have, on aver- 
age, lower CV, higher R,, and longer AHP time course 

than gastrocnemius motoneurons. Thus, if the distribu- 
tions of motor unit types in macaque gastrocnemius and 
SOL were more similar than in cat, the observed similarities 
in CV, AHP,,,, and R, of gastrocnemius and SOL of ma- 
caque would be expected. 

The fiber content of TS muscles in Macaca nemestrina is 
unknown, and other primates display considerable diver- 
sity in distribution of motor unit types. For example, the 
distribution of fiber types in TS muscles of cats is compara- 
ble to that of another nonhuman primate (Cynomolgus), 
in which -94% of SOL muscle fibers and only 23% of gas- 
trocnemius muscle fibers have slow-oxidative characteris- 
tics (Acosta and Roy 1987). In contrast, in human, the 
distribution of TS fiber types is more symmetric, in that 
7 l-80% of SOL motor units and 5 l-64% of gastrocnemius 
motor units are slow-twitch (Saltin and Gollnick 1983). 
The present data (i.e., the relatively small differences in 
motoneuron properties between gastrocnemius and SOL) 
are consistent with a more homogeneous (i.e., humanlike) 
distribution of motor unit types among TS muscles in Ma- 
caca nemestrina than in cats. However, in the absence of 
direct information on the distribution of macaque motor 
unit types and the relationships between motoneuron prop- 
erties and motor unit type, inferences drawn from the pres- 
ent data concerning this issue must be regarded as tentative. 
Relationships between motoneuron properties in macaque 
and cat 

Although the absolute values of CV, R, and 7, appear to 
be lower in macaque than in cat, the relationships between 
motoneuron properties in these species are generally compa- 
rable. For example, R, appears to depend on R,, and to a 
lesser extent on cell size and shape. The complex interac- 
tion of these factors described by Rall’s model of a neuron’s 
electrotonic behavior appears to account for a substantial 
part of the variation in R, in macaque. Because this model 
is also applicable (with some limitations) to cat motoneu- 
rons (Barrett and Crill 1974; Burke and ten Bruggencate 
197 1; Burke et al. 1982; Fleshman et al. 1988; Gustafsson 
and Pinter 1984a; Ulfhake and Kellerth 1984) the rela- 
tionships between motoneuron geometry and intrinsic 
membrane properties would appear to be similar in these 
species. Similarly, motoneuron excitability in both cats and 
macaques is related to variables that are expected to reflect 
R,, cell size and shape, and action potential threshold prop- 
erties. The relative importance of these factors depends on 
the form of the depolarizing input. 

The present primate data are consistent with the hypoth- 
esis that systematic variations in motoneuron properties 
contribute to the establishment of stereotypic recruitment 
of motoneurons (Gustafsson and Pinter 1985a; Zucker 
1973 ) . However, the relative contributions of these proper- 
ties differs between cat and macaque. In cats, F- and S-type 
motor units can be distinguished by AHP,,,* (Zengel et al. 
1985 ), ’ a property that also varies with motoneuron excit- 

’ The data of Zengel et al. ( 1985 ) indicate that AHP,,,? can predict 
correctly whether motoneurons innervate F-type or S-type motor units in 
145 out of 148 cases (98%). However, AHP,,,* does not distinguish among 
specific F-type motor units [i.e., FF, FI, and FR (Burke, 198 l)], because 
the ranges of this motoneuron property for these motor unit types are 
almost identical. 
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ability. In this species, AHP time course is much more 
closely related to 7, than to motoneuron size-related prop- 
erties (Gustafsson and Pinter 1984a), and R, appears to be 
higher in S- than in F-type motor units (Burke et al. 1982). 
Thus R, is probably not randomly distributed among cat 
motoneurons, but varies systematically with motor unit 
type in a size-independent manner. In macaque, motoneu- 
ron excitability also varies with AHP,,,*. However, this rela- 
tionship does not appear to result from a (presumably) 
type-dependent variation in any one motoneuron property. 
Rather, it appears to reflect the covariation of several prop- 
erties that are related to motoneuron size, R,, and voltage 
threshold. Although the factors underlying the distribution 
of motoneuron excitability appear to differ between cat and 
macaque, the data suggest that the distributions of intrinsic 
motoneuron properties in the two species probably contrib- 
ute to qualitatively similar patterns of motoneuron recruit- 
ment. 

The present primate data do not support any significant 
variation of R, strictly on the basis of motoneuron size. 
The slope of the relationship between log( CV) and log( GN) 
conforms to values that are predicted by the assumption 
that large motoneurons are simply scaled-up versions of 
small motoneurons with no systematic variation in R, with 
motoneuron size. These observations are consistent with 
studies combining anatomic and electrophysiological data 
from cat motoneurons that provide little support for any 
relationship between R, and motoneuron surface area or 
soma diameter (Barrett and Crill 1974; Lux et al. 1970; 
Ulfhake and Kellerth 1984). This slope value for macaque 
motoneurons is comparable to data from some (Barrett 
and Crill 1974; Gustafsson and Pinter 1984a) but not all 
(Burke 1967; Kernel1 and Zwaagstra 198 1) cat studies 
(summarized in Table 6). The higher-than-expected slope 
values reported in one of the latter studies (Kernel1 and 

TABLE 6. Comparison among studies of slope of linear 
regression oflog (GJ on log (CV) 

Slope 

Mixed TS Method 

Present data 
Cells with action potentials 260 mV 
Cells with action potentials 275 mV 

Barrett and Crill ( 1974) 
Gustafsson and Pinter (1984a) 
Burke (1968b) 
Burke (1967) 
Kernel1 and Zwaagstra (198 1) 
Kernel1 ( 1966) 

AV/AI 
1.8 1.9 
2.2 2.3 
1.8 AV/AI 
1.9 1.9 AV/AI 

2.5 Spike-height 
3.0 Spike- height 

3.6 2.9 Spike-height 
4.0 4.2 Spike-height 

Slopes are given for data from motoneurons innervating TS muscles or 
heterogeneous hindlimb muscles including TS (mixed). Slopes for data 
from Burke (1967) and Kernel1 (1966) were reported in Kernel1 and 
Zwaagstra (198 1). The slope for data from Barrett and Crill (1974) was 
calculated from data reported in their Table 1. The slope for data from 
Burke ( 1968b) was calculated using estimates of data points from their Fig. 
6 made with a high-resolution digitizing pad. The two methods used for 
determining R, (spike-height and AV/AI) are described in the text. All 
studies were performed in pentobarbital-anesthetized animals, except 
for one performed in decerebrate cats (Burke 1968b). Abbreviations, see 
Table 2. 

Zwaagstra 198 1) could not be accounted for on the basis of 
anatomic differences among motoneurons of different size, 
which led to the hypothesis that higher-CV motoneurons 
have lower R, than lower-CV motoneurons. 

The commonly used methods for determining R, are 
susceptible to underestimating R, in motoneurons in 
which the sag phenomenon (see METHODS) is present 
(Burke and ten Bruggencate 197 1; Gustafsson and Pinter 
1984a; Ito and Oshima 1965 ) . The membrane potential sag 
is more prominent in F-type motoneurons in cat (Zengel et 
al. 1985) and in motoneurons with shorter AHP time 
courses in macaque (see METHODS) and in cat (Gustafsson 
and Pinter 1984a). Because these motoneurons tend to 
have higher CVs (Table 4; Ulfhake and Kellerth 1984; 
Zwaagstra and Kernel1 1980), the underestimation of R, in 
these motoneurons is likely to be more pronounced than in 
those with lower CVs and thereby cause the slope of the 
relationship between log( CV) and log ( GN) to be overesti- 
mated. The magnitude of this error would be expected to be 
dependent (at least in part) on the relationship between the 
time after current pulse onset at which R, is calculated and 
the time course of the sag. In studies where R, was esti- 
mated from the amplitude of a small current pulse and the 
amplitude of the induced membrane potential change 
( A V/ A1 method), the time to peak voltage is expected to be 
short relative to the apparent T,,~ [e.g., in the present study, 
mean time to peak and T,,~ t SD = 14 t 6 and 49 t 15 ms, 
respectively, which is consistent with the small sag-induced 
underestimation of& (see METHODS)]. In contrast, in stud- 
ies where R, is estimated from the slope of the relationship 
between the amplitude of antidromically activated action 
potentials and current pulse amplitude during which the 
action potential is elicited (spike-height method), the mag- 
nitude of sag-induced error should depend on the relation- 
ship between the time to action potential onset and T,,~. For 
example, Kernel1 and Zwaagstra ( 198 1) elicited action po- 
tentials -450 ms after the onset of the current pulse, at 
which time the contribution of the sag process to total 
membrane conductance is likely to be almost fully devel- 
oped. The high slope value obtained in this study is consis- 
tent with a greater degree of systematic underestimation of 
R, in higher CV motoneurons than in studies using the 
AV/Al method. Studies using the spike-height method 
with shorter (30-40 ms) current pulses (Burke 1967, 
1968b) obtained intermediate slope values. Thus estimates 
of the slope of the relationship between log( CV) and 
log( GN) are probably more reliable when G, is estimated at 
a time that is shorter than T,,~ (e.g., those using the AV/ A1 
method or those using the spike-height method with short 
current pulses in Table 6). 

In summary, the data reveal that relationships between 
motoneuron properties reflecting size, passive membrane 
properties, and voltage threshold are in general similar in 
cat and macaque. To the extent that these properties deter- 
mine excitability, motor unit recruitment should also be 
similar in the two species. At the same time, cat and ma- 
caque differ in the distributions of motoneuron properties 
between the individual TS muscles. These differences may 
be secondary to difference in distributions of motor unit 
types. Understanding of the origin and significance of these 



distributional differences in motoneuron properties awaits 
knowledge of TS muscle composition and function in ma- 
caque and further evaluation of the relationships between 
motoneuron properties and motor unit type. 
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