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SUMMARY A N D  CONCLUSIONS 

1. Fine flexible wire microelectrodes chron- 
ically implanted in the fifth lumbar ventral root 
(L5 VR) of 17 cats rendered stable records 
of the natural discharge patterns of 164 
individual axons during locomotion on a 
treadmill. 

2. Fifty-one out of 164 axons were identified 
as motoneurons projecting to the anterior thigh 
muscle group. For these axons, the centrifugal 
propagation of action potentials was demon- 
strated by the technique of spike-triggered av- 
eraging using signals recorded from cuff elec- 
trodes implanted around the femoral nerve. 
The axonal conduction velocity was measured 
from the femoral nerve cuff records. 

3. For 43/51 motoneurons, the corre- 
sponding target muscle was identified by spike- 
triggered averaging of signals recorded from 
bipolar EMG electrodes implanted in each of 
the anterior thigh muscles: vastus intermedius, 
medialis and lateralis, sartorius anterior and 
medialis, and rectus femoris. 

4. For 3215 1 motoneurons, the recruitment 
threshold during locomotion was determined 
from the mean value of the rectified digitally 
smoothed EMG of the target muscle measured 
at the time when the motoneuron fired its first 
spike for each step. The recruitment threshold 
of every motoneuron was relatively constant 
for a given speed of walking, but for some units 
there were small systematic variations as a 
function of treadmill speed (range: 0.1 - 1.3 
m/s). Recruitment thresholds were standard- 
ized with respect to the mean value of peak 

EMG activity of the target muscle during 16 
s of walking at 0.5 m/s. 

5. For 2815 1 motoneurons recorded in nine 
cats, recruitment thresholds (range: 3-93% of 
peak target muscle EMG) were linearly cor- 
related (r = 0.51, P < 0.02) to axonal con- 
duction velocities (range: 57- 1 17 m/s). In ad- 
dition, for seven recorded pairs of motoneu- 
rons that projected to the same muscle in the 
same cat, the recruitment thresholds were or- 
dered by relative conduction velocities. Taken 
together, these results are consistent with the 
notion that, in normal cat locomotion up to 
a medium trot, anterior thigh motoneurons 
are progressively recruited in an orderly 
fashion. 

INTRODUCTION 

The orderly recruitment of hindlimb mo- 
toneurons during postural reflexes in decere- 
brated cats was demonstrated by Denny- 
Brown (12). Henneman and co-workers (16) 
found in decerebrated and anesthetized cats a 
correlation between motoneuron threshold 
and extracellular action potential amplitude. 
On the basis that potential amplitude was de- 
termined by axonal diameter, they formulated 
the "size principle," stating that cell size 
uniquely determines the rank order of recruit- 
ment of every motoneuron within a spinal 
motor nucleus (for review see 15). A major 
question that remained unanswered from 
these experiments in reduced preparations is 
whether this principle applies in intact animals 
performing normal movements. The possibil- 
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ity that descending commands in conscious 
cats might mediate important departures from 
orderly recruitment by "size" is suggested by 
known motoneuronal membrane properties 
and patterns of synaptic input (2, 5, 14, 50, 
53) as well as evidence that electrical activation 
of pathways like the corticospinal and rubro- 
spinal tracts can have different effects on 
"high-threshold" and "low-threshold" lumbar 
motoneurons (7, 27, 43). 

In normally'behaving cats, the order of re- 
cruitment of motoneurons had not been de- 
termined previously because of difficulties in 
obtaining stable recordings during movement. 
Recordings from spinal cord neurons have re- 
cently been obtained in awake cats using a mi- 
cromanipulator attached to a chamber (9,38). 
However, this approach has required rigid fix- 
ation of several spinal segments and immo- 
bilization of the spinal column during record- 
ing sessions. As a consequence, this approach 
has been unsuitable to study normal loco- 
motion. In human subjects, motor unit re- 
cruitment data has been available using intra- 
muscular electrodes (e.g., 40). However, ob- 
servations could mostly be made for limited 
ranges of motion and/or force, and estimations 
of motoneuron or motor unit "size" have 
been, at best, indirect. The conduction velocity 
of recorded motoneurons in humans has only 
been measured for special cases (1 3). 

In this study, stable recordings from mo- 
toneuron axons were achieved with fine-wire 
"floating" microelectrodes permanently im- 
planted in ventral roots. This paper describes 
the novel approaches used for recording from 
single motoneurons, for identifying their target 
muscles, for estimating their conduction ve- 
locity, and for determining their thresholds of 
recruitment. The concept of orderly recruit- 
ment is then addressed for intact cats during 
locomotion at speeds ranging from slow walk . (0.1 m/s) to brisk trot (1.3 m/s). Preliminary 
reports have been published (22-24,5 1). Mo- 
toneuron discharge patterns during locomo- . tion are addressed in three companion papers 
(21, 25, 35). 

METHODS 

Design and surgical implantation of devices 
Data were obtained from 17 adult cats of both 

sexes weighing 3.0-5.5 kg, identified alphabetically 
in this report. Prior to surgery each cat was trained 
to walk at a range of speeds on a motorized treadmill 

enclosed in a Plexiglas box. The design and con- 
struction of the recording devices evolved from cat 
to cat. The following devices (described below) were 
implanted in cats I through T: up to 12 floating 
wire microelectrodes in the fifth lumbar ventral root 
(L5 VR) and/or the dorsal root ganglion; a femoral 
nerve recording cuff with five electrodes; a saphe- 
nous nerve stimulating patch electrode (described 
in 35); a bipolar EMG electrode in each of the six 
muscle heads in the anterior thigh: vastus inter- 
medius (VI), vastus medialis (VM), vastus lateralis 
(VL), rectus femoris (RF), sartorius anterior (SA- 
a), and sartorius medialis (SA-m); two length gauges, 
one spanning the vasti, the other spanning RF and 
SA-a; a force transducer on the patellar ligament; 
a subcutaneous grounding wire, and a chronic 
catheter in an external jugular vein. All leads and 
catheters coursed subcutaneously and emerged in 
small bundles around a connector mounted on the 
cat's back. 

Under deep pentobarbital anesthesia and aseptic 
conditions, the femoral nerve cuff, saphenous nerve 
patch, all EMG electrodes except VL, and the 
ground wire were implanted in the left hindlimb 
through a medial thigh incision. Electrical leads 
were soldered to the saddle connector, which was 
anchored temporarily with four deep fascial sutures. 
One week later the saddle connector was reflected 
laterally, the L4-L7 vertebrae were exposed through 
a midline incision, and the L5 VR floating micro- 
electrodes were implanted through a small lami- 
notomy. The length gauges, force transducer, and 
VL EMG electrode were installed in the left thigh 
through an anterolateral incision. The saddle con- 
nector was attached permanently to the L4 and L, 
dorsal spines (1 9; Fig. 1). 

Analgesic drugs were administered whenever 
postsurgical pain or discomfort were apparent. 
Usually, the cats walked with normal load bearing 
and little or no visible limping 1 wk after implan- 
tation. Preparations were generally maintained 4- 
6 wk, the usual limitation on longevity was breakage 
of the microelectrode gold lead wires. Motor units 
were recorded most frequently during the second 
and third weeks postimplant. 

Design of single-unit floating 
microelectrodes 

In early cats (B-H), ventral root microelectrodes 
resembled those used for recording from afferent 
cells in dorsal root ganglia (30, 32-34). Several 50- 
pm 90% Pt-10% Ir wires coated with 12 pm of tri- 
ML polymide (California Fine Wire) plus 15 pm 
of Parylene-C (31, 36) were cut off obliquely and 
inserted through the ganglion, to reach the ventral 
root or spinal nerve. This approach gave stable re- 
cordings, probably because the electrodes were well 
anchored by the thick connective tissue matrix in- 
side the ganglion. However, only three or four wires 
could be so inserted. 
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By extending the laminotomy rostrally and ven- 
trally we exposed 7-8 mm of L5 ventral root into 
which the wire microelectrodes were inserted 
through small slits cut in the dura. However, the 
stiff wires tended to damage the fragile L5 ventral 
rootlets, which have virtually no connective tissue. 
To reduce the stiffness we adopted a "hatpin" elec- 
trode design (46, 47). Early "hatpins" (cats I-K) 
consisted of two components: a stiff short (2-3 mm) 
untapered iridium wire shaft (37.5 pm diameter), 
which was microwelded to a compliant gold wire 
lead of similar diameter. The weld was covered with 
a drop of epoxy 0.3-0.5 mm in diameter, and the 
assembly was insulated with a 15-pm conformal 
layer of Parylene-C. A recording surface was ex- 
posed by cutting the iridium wire obliquely with 
scissors prior to insertion. Electrodes of this design 
were easy to insert into ventral rootlets and were 
mechanically stable after insertion, but had two 
drawbacks: Parylene-C did not adhere well to un- 
tapered bare iridium wire (as evidenced by reduced 
impedance values after electrode insertion) and the 
gold leads tended to break at the skin interface. 

For the last group of cats (L-T) we made three- 
component hatpin electrodes that consisted of a 50- 
pm 80% Pt-20% Ir wire shaft coated with tri-ML 
(California Fine Wire), microwelded to two 25-pm 
gold wires twisted together. The 20-mm-long gold 
leads were microwelded to a 12-cm length of Teflon- 
coated stainless steel wire rope (Bergen BWR 3.48), 
which coursed percutaneously to the saddle con- 
nector (Fig. 1, A and B). The two welds were pro- 
tected with epoxy, and the entire assembly was in- 
sulated with 15 pm of Parylene-C. 

Two sets of six parallel Silastic tubes (Dow Com- 
ing 602-1 55; 1 mm ID X 6 mm long) were preas- 
sembled with Medical Adhesive (Dow Coming 89 1) 
on a 1 X 6 X 12 mm substrate of Dacron-reinforced 
Silastic sheet (Dow Coming 50 1-7). This tube array 
(TA in Fig. 1, A and B) was anchored with 3-0 su- 
tures to holes drilled through the dorsal spines of 
L4 and L5. Each hatpin microelectrode was installed 
by passing its stainless steel lead through one of the 
guide tubes until the steellgold weld reached the 
midpoint. The lead was anchored by injecting 
Medical Adhesive into the tube. Using a surgical 
stereomicroscope at 40-fold magnification, the hat- 
pin electrode was grasped at the epoxy ball with 
cupped forceps, oriented toward the ventral root, 
and inserted. The in situ impedance was measured 
using a 1-kHz test signal. Impedances typically 
ranged between 80 and 220 k0. The location of 
each VR microelectrode was verified by microstim- 
ulating through it and monitoring the recruitment 
of single motor units (41) recorded by the (previ- 
ously implanted) anterior thigh EMG electrodes. If 
the level of stimulation required to evoke unitary 
potentials in the target muscles was higher than 15- 
20 pA the microelectrode was repositioned. Up to 

12 hatpin microelectrodes were sequentially im- 
planted in either the L5 ventral root or the ganglion. 

Femoral nerve record in^ cuff  
In large cats, the femoral nerve can be mobilized 

over 30-35 mm proximally to the inguinal canal, 
well away from joints. This situation is favorable 
for chronic imvlantation of a nerve recording cuff 

ber tubing (Extracorporeal). Cuff design followed 
descriptions by Hoffer (17) and Davis et al. (1 1) for 
other hindlimb nerves. To vrevent comvression 

the diameter of the femoral nerve. The high values 
of axonal conduction velocity (CV) measured 
within the femoral nerve cuff (sometimes even ex- 

CV values obtained (Fig. 4) agreed closely with a- 
motoneuron CV values measured in acute cat ex- 

entially to the~inside wall of the cuff leaving a gav 

- - - - - - . . . - 

each end. The end electrodes were connected to- 
gether and served as reference for differential re- 
cording. In order to improve the measurement of 
axonal conduction velocitv. cats I-T received 24- 

were connected together as the common indifferent 
against which the two active electrodes [proximal 
femoral (FP) and distal femoral (FD) vlaced 11.5- 

ons was estimated from the latency in the arrival 
times of votentials at the two vreciselv svaced re- 

Once mobilized, the femoral nerve was lowered 
as the cuff was held open by pulling apart on several 
sutures (Dacron or Nylon, braided, size 3-0) placed 
circumferentially every 5 mm. The sutures were tied 
to seal the cuff and minimize pickup of EMG signals 
generated by neighboring muscles (17, 20). Cuff 
impedances measured 1-3 k0  using a 1-kHz test 

struction. 
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FIG. 1. Schematic diagram of devices implanted in the left lumbar and inguinal region of cats. The fifth ventral root 
(L5 VR) and dorsal root ganglion (L5 DRG) were exposed through a burr hole in the L5 vertebra. Up to 12 "hatpin" 
microelectrodes (HPE) were implanted in the L5 VR or L5 DRG. One HPE is shown in A and at greater magnifications 
in B and C. HPEs consisted of a stiff Pt-Ir wire, 2-3 mm long, microwelded to two strands of flexible gold leadwire, 20 
mm long (GL). Each GL was microwelded to a Teflon-coated, stranded steel lead (SSL). Welds (W) were protected with 
epoxy. Each SSL was anchored inside one of 12 Silastic tubes in a premade array (TA) attached to the L5 and Lg spines. 
Forty SSLs from hatpins and other implanted devices emerged around and were soldered to an external saddle connector 
(SC). The SC was firmly attached by sutures (AS; Menilene size 5) to the 4 and L) spines. The insulated HPEs were cut 
with scissors to expose a recording surface. Recording tip dimension relative to VR axons is shown in C. One other 
implanted device, a femoral nerve cuff (FNC) is shown in A. It contained 5 circumferential electrodes within a Silastic 
tube. The middle and two end electrodes were connected together to serve as common indifferent (FI). The separation 
between the proximal and distal recording electrodes (FP and FD) was accurately known. 

EMG electrodes oral nerve was investigated to identify its target 
The femoral nerve efferents innervate exclusively muscle (using spike-triggered averaging; see below). 

the muscles of the anterior thigh: quadriceps (VI, With this purpose in mind, EMG electrodes were 
VM, VL, and RF) plus sartorius (Fig. 2, A and B). designed to I) maximize sampling of motor units 
Every L5 VR axon found to project along the fem- in each individual muscle head and 2) minimize 



HOFFER ET AL. 

anterior 

later 

FIG. 2. A: cross-sectional diagram midway through the anterior thigh of the cat. The femur (f) and the 6 muscles 
innervated by the femoral nerve are shown: vastus lateralis (VL), vastus intermedius (VI), vastus medialis (VM), rectus 
femoris (RF), sartorius anterior (SA-a), and sartorius medialis (SA-m). B: lateral view of hindlimb showing the origin 
and insertion of anterior thigh muscles. The three vasti (only VL is shown) take origin on the femur and insert on the 
patella. RF and SA-a originate from the superior iliac crest and also insert on the patella. SA-m originates from the 
superior iliac crest and inserts on the medial edge of the tibia. Dashed line indicates the level of section represented in A. 
C schematic representation of the location and presumed recording volume of a spiral bipolar EMG electrode implanted 
within one of the vasti or RE The rationale behind this electrode design is detailed in the text. D: diagram of a dual- 
patch "sandwich" electrode implanted across one of the portions of SA. The exposed electrodes face the muscle and are 
backed by Silastic sheet to reduce cross-talk from other muscles. 

cross talk from motor units in neighboring muscles. recording surfaces were meant to approximate the 
These goals tend to be mutually exclusive because, summation of a series of closely spaced bipolar 
in general, cross talk is minimized by using closely electrodes (Fig. 2C) and thus resolve potentials 
spaced electrode pairs and differential recording generated by motor units with territories in any 
(1 8), which restricts the volume from which signal portion of the muscle, while still effectively rejecting 
sources are recordable. We preserved some prop- signals from distant sources. A practical drawback 
erties of closely spaced electrode pairs and also of this design was that after a few weeks, the me- 
matched the geometry of large muscles by using chanically stressed Pt-Ir wires tended to fatigue and 
two special designs: spiral bipolar multicontact break, most commonly near the Pt-Ir/stainless steel 
electrodes for the fusiform heads of quadriceps (Fig. junction. 
2C) and dual-patch "sandwich" electrodes for the Dual patch "sandwich" electrodes consisted of 
thinner broader heads of sartorius (Fig. 20). two square pieces of Silastic sheeting, 10 X 10 X 

Spiral bipolar EMG electrodes consisted of two 0.25 mm (Dow Corning 500-3), each with the dein- 
Teflon-coated, 90% Pt-10% Ir stranded wires sulated end of a Teflon-coated stranded stainless 
(Medwire 9/49T) coiled around a core of Silastic steel wire lead sewn onto one side. The patches were 
tubing 0.5 mm in diameter (Dow Coming 602-135). positioned on opposite surfaces of the muscle with 
Each wire was deinsulated in alternating 5-mm seg- the recording electrodes facing each other and were 
ments (Fig. 2C). The proximal ends of the coiled anchored across the muscle using 3-0 sutures (Fig. 
wires were soldered to Teflon-coated stainless steel 20). This design ensured that the electrodes could 
leads. The coil was positioned deep inside the mus- not migrate. The volume of tissue from which ac- 
cle belly by pulling on a 3-0 suture tied to its distal tivity was recorded was constrained by the insulating 
end, which was then sewn to fascia for stability. Silastic patches, thus reducing cross talk between 
This device was very compliant and could follow SA-a, SA-m, and the deeper quadriceps muscles (see 
the normal changes in muscle length. The multiple also (2 1)). 
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Other implanted devices 
In addition to neural and EMG recording elec- 

trodes, each cat received two length gauges (made 
from saline-filled Silastic tubing) and one spring 
steel force gauge, described previously (1 8, 19, 4 1, 
55). One length gauge was attached to a bone screw 
in the superior iliac crest and to fascia just proximal 
to the patella, in parallel with RF and SA-a. The 
other length gauge was attached to a bone screw 
near the head of the femur and to fascia proximal 
to the patella, in parallel with the vasti. The force 
gauge was slipped on the patellar ligament to sample 
all the knee extensor muscles of the anterior thigh. 

Saddle connector 
Forty leads from the implanted devices emerged 

in bundles and were soldered to a 4 X 8 cm printed 
circuit board mounted on a piece of Dacron-rein- 
forced Silastic sheet 1 mm thick (Dow Coming 501- 
7) and carrying a standard 40-pin computer ribbon 
plug (3M Scotchflex 3432). The connector remained 
outside the skin but was firmly anchored by two 
heavy (size 5) Dacron sutures, which passed through 
holes drilled in the L4 and L, spines (Fig. IA). 

discriminator (similar to Bak DIS- I). Each occur- 
rence of a discriminated spike triggered the sweep 
of a four-channel signal averager (Nicolet 1 174) (29, 
39). The VR electrode signal and the proximal and 
distal femoral cuff signals (FP and FD in Fig. 1A) 
were delayed 3- 10 ms using a pretrigger buffer. Each 
channel was sampled every 4 ps. In general, if the 
axon projected through the femoral nerve cuff, cor- 
related neural potentials were resolved at fixed la- 
tencies (Fig. 3). Usually 5 12 sweeps sufficed to ren- 
der femoral nerve potentials of signal-to-noise ra- 
tio > 3. This permitted rapid on-line identification 
of motoneurons. Motoneuron identity was con- 
firmed later by playing back from tape and reav- 
eraging the nerve cuff and EMG data. The shapes 
and latencies of the triphasic neural cuff potentials 
from a given motoneuron were quite reproducible 
with repeated averaging. 

Determination of axonal conduction 
velocity 

The axonal CV was calculated from the time de- 
lay between the occurrence of the negative peaks 

Signal recording ii the potentials recorded by the FP and FD elec- 
trodes (see Fig. 3A, and also Fig. 2C of Ref. 20). 

Single-unit records were current 'lose Since these were the events of fastest change in slope, 
to the source by 12 sinde-ended hybrid FET input their time ofoccurrence could be determined most amplifiers in a 25 X 25 X 3-mm package (similar precisely. The conduction distances between the 
to Bak Electronics MMRS-lP; voltage gain = 0.7h different recording electrodes were measured in situ which plugged onto the saddle connector. All other in a terminal acute experiment. 
signals traveled without vreamvlification along a 
1 -&-long flexible ribbon cable to an overhead rack. 
~icroel&ode signals were filtered (1-10 kHz) and 
further amplified (1,000- to 10,000-fold) prior to 
recording on magnetic tape (Sangamo Sabre IV 18- 
channel FM, DC-10 kHz bandpass). Usually only 
one to four microelectrodes gave useful records on 
a given day. Other signals recorded on tape were: 
six EMG channels (bandpass: 0.05-5 kHz), two 
femoral nerve cuff channels (1- 10 kHz), two muscle 
length channels and one force channel (DC-100 
Hz), IRIG-B time code (Datum 9300-100; used for 
synchronization of simultaneous videotape record- 
ings of the movements), treadmill speed, stimula- 
tion monitor, and voice commentary. 

Unit nomenclature 
Each discriminated unit was coded by cat name, 

VR electrode number, rank order of the recorded 
VR potential amplitude, and day of initial record- 
ing. For example, unit "M 1 1 B9" was first discrim- 
inated in cat M, electrode number 11, on the 9th 
day after implant. Its VR action potential was the 
second largest recorded by electrode 1 1 on that day. 

Unit identification from spike-triggered 
averaged cuff electrode records 

Unitary potentials recorded by VR microelec- 
trodes were isolated using a threshold and window 

Error analysis in CV calculations 
In cats B-H, axonal CV estimates were based on 

the conduction delay from the VR to a single fem- 
oral cuff recording electrode. Since the hatpins were 
distributed over several millimeters and axons can 
course tortuously through the lumbar plexus, the 
conduction distance could only be estimated within 
+-5 mm (--+lo%). Starting with cat I, the distance 
between the FP and FD electrodes, which were sewn 
directly into the cuff wall, could be measured within 
k0.3 mm (+2-3%). Since the cuff inside diameter 
was 20% larger than the nerve, the axonal conduc- 
tion distance could have been underestimated by 
as much as 2% for an extreme case of nerve mis- 
alignment. The five circumferential electrodes, 
however, contributed to align the nerve inside the 
cuK The signal averager resolution of 4 ps allowed 
estimation of the occurrence of neural spike minima 
with +2 ps uncertainty from interpolation. The 
times of occurrence of minima were reproducible 
with repeated averaging if precautions were taken 
to minimize jitter in the time of acceptance of the 
discriminated VR spike. Our estimates of CV for 
the fastest conducting fibers (- 120 m/s) carried a 
+5% uncertainty. Precision was higher for slower 
conducting fibers (20). 
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Estimation of axonal potential amplitudes 
The peak-to-peak amplitudes of averaged poten- 

tials recorded by cuff electrodes were calibrated in 
units of current (see Ref. 20) by injecting a 10-nA 
peak-to-peak, 3-kHz, single-cycle sinusoidal wave 
(generated by a Wavetek model 112 B) in parallel 
with the cuff electrodes, and averaging the recorded 
signal. This calibration method tended to under- 
estimate the actual action current in nerve fibers, 
but it corrected for changes in tissue impedance 
that could occur over weeks (49) and permitted the 
comparison of action currents in different cats. As 
a rough guideline to voltage equivalence, an axon 
generating 1 nA across a typical 2-kQ cuff electrode 
would produce a 2-pV signal. 

Determination of the target muscle 
of a recorded axon 

We used two independent techniques to deter- 
mine the muscle of destination of every VR axon 
that was shown to project along the femoral nerve. 
First, we used spike-triggered averaging to search 
for the associated muscle unit potential in the EMG 
records obtained during locomotion from the six 
anterior thigh muscles. Averaging was often done 
on-line but was always reconfirmed off-line. At a 
sampling interval of 20 ps per channel, 5 12-2,048 
sweeps were accumulated. For 76% of motoneurons 
in this sample, the muscle that contained the motor 
unit (the "target muscle" of the recorded axon) was 
clearly identified by this method. The reproduc- 
ibility of results was always confirmed by repeated 
averaging of different data epochs. However, po- 
tentials of comparable latency could sometimes be 
resolved by more than one EMG electrode pair, 
due to volume conduction (see Fig. 5). To identify 
the correct target muscle in cases of ambiguity, we 
took into account not only the latency of the re- 
solved potentials but also the absolute voltage am- 
plitude of the potentials recorded in each muscle, 
the presence of higher frequency components in 
each votential. and the vossibilitv that a malfunc- 
tioning wire caused monopolar EMG recordings. 

The second, independent method of identifica- 
tion of the target muscle was based on computing 
the variance in the correlation between the discharge 
of the recorded motoneuron and the modulations 
in the EMG burst profiles of each of the anterior 
thigh muscles during locomotion. The rationale for 
this approach is described fully in the following pa- 
per (25). We found that the EMG profile of the 
target muscle of a motoneuron characteristically 
accounted for the largest fraction of the variance in 
the instantaneous frequencygram of that motoneu- 
ron. We always used this property to verify the 
identification of target muscle. It became the pri- 
mary method of identification whenever the results 
of spike-triggered averaging were ambiguous or 

when one or more EMG electrodes were mono- 
polar. 

Determination of the recruitment threshold 
of single motor units during walking 

Full details on data acquisition and computation 
procedures are given in the following paper (25). 
Briefly, the target muscle EMG was played back 
from tape through a pulsed sample-and-hold rec- 
tifier/integrator (similar to Bak PSI- 1) and sampled 
by a computer (PDP 11/23) every 4 ms. A file was 
generated containing sampled EMG data and the 
times of unitary spike occurrences during constant 
speed walking for 16 s. The EMG data were digitally 
smoothed (15-point moving average). For each step 
taken by the cat, the threshold of the motoneuron 
was defined as the value of the smoothed target- 
muscle EMG measured at the time when the mo- 
toneuron fired the first spike in its burst. In prelim- 
inary experiments we considered defining threshold 
from the EMG measured a few milliseconds after 
the occurrence of the motoneuron spike, on the 
assumption that this would be a more accurate rep- 
resentation of motoneuron pool excitability. How- 
ever, because of the considerable smoothing of the 
EMG profiles, delays of 5-10 ms did not change 
appreciably the values of threshold (see also 25). 
We therefore measured threshold EMG values at 
the time of occurrence of the spike. 

An average threshold value, and its standard de- 
viation, were computed from all the steps for which 
the motoneuron was active during each 16-s epoch. 
The average threshold value was then normalized 
with respect to the average peak EMG value gen- 
erated by the target muscle during the same 16-s 
epoch. The procedure was repeated for epochs rep- 
resenting every speed of walking available (usually 
3 or more speeds). A standard speed of walking, 
0.5 m/s, was selected to compare the thresholds of 
different motoneurons recorded from different cats 
in different days. If walking data for a given mo- 
toneuron was not available at 0.5 m / ~ ,  the threshold 
value at 0.5 m/s [called T(0.5)] was computed by 
linear interpolation or extrapolation of the threshold 
values that were obtained at all the available speeds 
of walking (see Fig. 6C). 

RESULTS 

Sample size 
A total of 164 axons were recorded using 

floating L5 VR microelectrodes. Of these, 5 1 
were positively identified as anterior thigh 
motoneurons because they had correlated 
femoral nerve potentials at appropriate laten- 
cies, shown by the technique of spike-triggered 
averaging (see METHODS). 
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Discrepancies between axonal conduction longed duration. We recognized that some 
velocity measuredfrom root to cuff chronically implanted VR microelectrodes 
and within cuff could have damaged fibers locally and affected 

action potential propagation along the root. 
For 25 motoneurons recorded in cats I-Q, We found that recorded motoneurons fell into 

the CV was measured independently in two four categories, exemplified in Fig. 3. 
different regions of the axon: between the VR Eight motoneurons (32%) from the sample 
hatpin and the proximal femoral nerve cuff obtained in cats I-Q resembled unit M11A3 
recording electrode (VR + FP; see Fig. 3A) (shown in Fig. 3B). They shared the following 
and between the proximal and distal femoral characteristics: 1 )  triphasic VR action poten- 
cuff recording electrodes (FP + FD). Unex- tials (+, -, +) of <0.6-ms duration (measured 
pectedly, for several motoneurons the two CV from first to last zero crossing; arrows in Fig. 
estimations differed by more than could be 3B); 2) clearly resolved triphasic (+, -, +) ac- 
attributed to measurement uncertainties tion currents of brief duration in the FP and 
alone. Invariably, units with large discrepan- FD records; 3) comparable CV values mea- 
cies in CV estimations turned out to also have sured from VR to FP and from FP to FD (CV 
VR potentials of peculiar shape and/or pro- values differing by not more than 20%). Units 

L4A14 Q10A57 

M l l C l O  
M 1  OA3 

LOSS 

MlOAlO 

D unit L4AS 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
VR Spike Duration (ms) 

F'IG. 3. A: diagram of the recording configuration used for spiketriggered averaging of neural signals. Details in text. 
t B-D: examples of spiketriggered averaged records obtained from 3 representative motoneurons. Signals recorded by 

the VR, FP, and FD electrodes are shown. AU signals were digitally delayed 0.5 ms prior to averaging. The VR record is 
calibrated in pV and the cuff electrode records in nA (see text for explanation). B: example of axon that did not appear 
injured by the presence of the VR microelectrodes. The VR potential was simple triphasic (+, -, +), of average amplitude 
(30 fl), and its duration (shown by arrows) was <0.6 ms. The FP and FD records showed neural potentials well-resolved 

t 
from noise, triphasic (+, -, +), at brief latencies from the VR spike. C example of axon that was probably injured by 
the VR microelectrodes. Its VR spike was multiphasic, of larger-than-average amplitude (128 pV), and of duration con- 
siderably >0.6 ms (arrows). The FP and FD potentials were poorly resolved from noise and the latency from the beginning 
of the VR spike to the FP spike was too long compared with the latency from the FP to the FD potential. D: example 
of axon that appeared to have suffered severe damage. It almost always fired closely spaced triplets of 65-pV amplitude; 
the 2nd and 3rd components appear washed out in the averaged record, due to time jitter. Further details in text. E: 
summary for 25 motoneurons. The name of each unit represents its location in the plot. The ordinate shows the ratio of 
CV values measured in two segments of the axon, d l  and d2 (see A). In uniformly conducting axons, the ratio would be 
1 (1 + 0.2 if we accounted for measurement erroxs). See text for interpretation of data distribution within dotted and 
dashed areas. 
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fulfilling these three criteria were considered being generated ectopically in the cut axon 
to be functionally undamaged by the presence (54). Repeated trials resulted in different av- 
of the microelectrodes. eraged waveforms for this unit, probably due 

In contrast, for 11/25 units in cats I-Q to jitter in the timing of the second and third 
(44%), the discrepancy between CVs exceeded spikes in the triplets. We only encountered 
20%, reaching 60% in one case. An example about six axons (out of 164) that fired abnor- 
is shown in Fig. 3C (unit L2A33). The CV mal patterns. None was encountered among 
calculated from VR to FP was generally lower the 5 1 identified motoneurons comprising this 
than within the femoral nerve cuff. For every study. 
one of these units, the duration of the VR ac- These observations, taken together, 
tion potential exceeded 0.6 ms (arrows in Fig. prompted us to base our CV estimates on la- 
3C). The VR spike was usually polyphasic and tency measurements made along the periph- 
of reproducible shape with repeated averaging. eral axon whenever possible, so as to avoid 
The shape and prolonged duration of the VR potentially spurious values caused by local in- 
potential and the slow propagation from VR jury in the VR and also to benefit from the 
to FP (but not from FP to FD) suggested that higher precision of the intracuff measurements 
the axons of motoneurons in this category had [(20); METHODS]. Furthermore, on the basis 
been damaged locally by the implanted VR of the clear segregation of data in Fig. 3E, we 
microelectrodes. decided to include for further analysis in this 

Figure 3E compares, for all 25 units, the study eight motoneurons recorded in early cats 
discrepancy in CV values measured from root (B-I) for which we only had available a CV 
to cuff and within the cuff (VR -+ FP/FP -t estimate based on VR-to-cuff latency. Since 
FD; ordinate) with respect to the duration of the duration of the VR potentials recorded 
the VR action potential (abscissa). The eight from these units was <0.6 ms, we were con- 
"uninjured" units in the first category (en- fident that their VR-to-cuff conduction latency 
closed within the dashed box) all had VR ac- most likely had not been disturbed by the im- 
tion potential durations < 0.6 ms and CV ratio plants. 
between 0.8 and 1.2. The 11 units in the sec- ~~~k ofrelation between vR action 
ond category, with CV ratio outside the +20% potential amplitude and axonal cv 
region, all had VR action potential dura- The amplitudes of the VR re- tions > 0.6 ms. A third intermediate category corded from 25 motoneurons in cats I-Q included 6 units (24%) that had CV estima- ranged between and 128 pV [mean 40 tions within the +20% range even though their 27 pV (SD)l. No trend was found between the VR potential duration exceeded Oa6 ms. The amplitudes of the VR and the tor- VR axons of these motoneurons appeared to responding FP + FD axonal CVs. Several 
be less damaged the microelec- motoneurons could be recorded for two or 
trodes. more consecutive days. These units had re- * fourth consisted of producible femoral cuff and motor-unit po- 
petted of having suffered extreme injury by a tentials and reproducible peripheral CV. The microelectrode, exemplified by unit L4A5 in VR spike shape was usually invariant in con- Fig. 30. Since unit was active during secutive days but the spike amplitude usually 
the stance phase of locomotiOn, it probably changed, often by as much as a factor of 3. was a motoneuron that had innervated an an- The amplitude probably depended most im- terior thigh muscle. However, no correlated portantly on the proximity of the microelec- cuff potentials appeared with spike-triggered 
averaging. We assumed that the axon was ei- trode tip to the VR fiber (in particular, per- 

haps, to the nearest node). Suggestive evidence ther severed by a microelectrode, or damaged for the role of proximity was obtained from 
to Interestingly, the relative thresholds to microstimulation 

unit seemed to through VR microelectrodes (see Ref. 4 1). motoneuron discharge profiles during loco- 
motion, it usually fired a closely spaced triplet Relation between amplitude of cufaction 
of action potentials with interspike intervals current and axonal C v  
of -4 ms instead of individual spikes, sug- The amplitude of the recorded extracellular 
gesting that additional action potentials were action currents of 30 motoneurons, extracted 
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(circled data in Fig. 4) a comparable line fit 

0 
was obtained (solid line; slope = 1.5, inter- 
cept = -2.4). In contrast, 18 motoneurons 
deemed "injured" tended to plot below the 
lines. This finding is consistent with the view 
that the site of damage was in the VR, because 
the action current amplitude recorded with 
spike-triggered averaging from an "injured" 
axon would tend to be reduced due to jitter 
in conduction along the ventral root (see DIS- 
CUSSION). /;.-; ? Determination of As a recorded was described motoneuron of the in muscle METHODS, of destination two inde- 

L pendent methods were used to determine 
/ c which muscle was innervated by each identi- 

/ fied motoneuron. The first method was spike- 
/ L triggered averaging. For 43 of 5 1 motoneurons 

Q Q  G 
(84%) it was possible to obtain correlated 

0 muscle unit potentials from EMG electrodes 
M in the anterior thigh (Fig. 5). Three typical 

motoneurons, recorded simultaneously from 
cat M on day 3, are shown in Fig. 5. For each 
unit, the averaged records of the VR spike and 

I I 

70 910 1 ; 0 1 0 the correlated FP and FD action currents are 

Cuff CV (mls )  shown in Fig. 5A. The calculated CVs, on the 
basis of latency from FP to FD, were 89.8 

HG. 4. Relation between axonal CV (measured be- 
tween FP and FD within the femoral nerve cuff) and am- 
plitude of the action currents recorded by FP and FD. 
Double-logarithmic plot. Letters represent the cats from 
which the 30 motoneurons shown in this plot were re- 
corded. The dashed line reproduces the best fit obtained 
for a population of 55 afferent fibers recorded in the same 
cats (Ref. 20, Fig. 5). Twelve motoneurons deemed "un- 
damaged" by the VR electrodes (circled data) were fitted 
by a line (solid) that agreed closely with the dashed line 
obtained for afferents. The other 18 motoneurons (uncir- 
cled data) had shown signs of damage in the VR. They 
tended to yield smaller averaged action currents. 

by spike-triggered averaging from the femoral 
+ nerve cuff electrode records, was positively 

correlated with the axonal CV (Fig. 4). We 
previously reported a similar trend for afferent 

q neurons recorded from the L, dorsal root gan- 
glion in the same cats (20). For a population 
of 55 afferent fibers ranging in CV from 27 to 
120 m/s, a double-logarithmic plot of cuff ac- 
tion current amplitude vs. CV was well fitted 
by a straight line of slope = 1.3 and intercept = 
-2.1 (Fig. 5 of Ref. 20; this line is reproduced, 
dashed, in Fig. 4). For 12 motoneurons 
deemed "uninjured" by the criteria of Fig. 3E 

m/s for MlOA3,92.7 m/s for M10B3, and 95.8 
m/s for M11A3. (In spite of comparable cuff 
CVs, these 3 units differed in their CV ratio; 
see Fig. 3E. For the total sample of 9 moto- 
neurons recorded from cat M between days 3 
and 10, cuff CVs ranged between 71.9 and 
110.6 m/s.) 

Figure 5B shows the results of averaging the 
EMGs recorded from the six anterior thigh 
muscles, triggering on the spike occurrences 
of each of the three motoneurons. For each 
motor unit, the largest potential was resolved 
in a different muscle. Motoneuron M10A3 
appeared to innervate VL, M10B3 projected 
to SA-a (the polyphasic motor unit potentials 
in SA-a and SA-m seem to have comparable 
amplitude, but see below), and M 1 1 A3 had 
the most convincing EMG signature in VI. 
The latency to the first peak in the largest po- 
tential resolved ranged from 4 to 5 ms and the 
duration of the potential ranged from -6 to 
10 ms. For each motoneuron, however, the 
EMG electrodes implanted in other muscles 
(especially nearest neighbors; see Fig. 2 4  
could also record potentials of comparable la- 
tency, though usually of smaller amplitude and 
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FIG. 5. Comparison of the results of spike-triggered averaging for 3 motoneurons recorded from the same cat, M, 
on day 3. Units MlOA3 and MlOB3 were simultaneously recorded by the same microelectrode. A: spike-triggered 
averaging onto proximal (FP) and distal (FD) femoral nerve cuff electrodes. The averaged record from the ventral root 
microelectrode is also shown (VR). AU records were digitally delayed to show entire waveform. Sampling interval per 
channel: 4 ps. Total sweeps: 512. The total gain per channel was the same for all 3 units. B: spike-triggered averaging 
onto all 6 EMG electrodes. The occurrence of the VR spike is also shown. Sampling interval per channel: 20 ps. For 
units M10A3 and MlOB3 the records were digitally delayed 1 ms and a total of 512 sweeps were accumulated, for unit 
M11A3 the delay was 0.5 ms and 1,024 sweeps were accumulated. EMG vertical display gains were not the same in 
all cases. The background noise levels in the EMG records differed for unit M10B3, which was a flexor motoneuron, 
and therefore the vasti and RF were quiet while the unit was active. C: plots of the peak-to-peak amplitude of the 
EMG signature recorded from each motor unit within each muscle. Ordinates calibrated in microvolts. 

lacking higher frequency components (e.g., RF 
for unit M10A3). This was attributed to vol- 
ume conduction across the anterior thigh and 
incomplete common-mode rejection by the 
EMG electrode pairs. 

In Fig. 5B, the vertical magnifications of the 
EMG traces reflect the original gains of the 
recording amplifiers. However, the recording 

* 
gains often differed; e.g., for SA-m the gain 
was -- 10 times higher than for the other mus- 
cles. In Fig. 5C, the peak-to-peak potential 
amplitudes recorded in the six muscles are 
plotted using the same voltage scale. Each plot 
of potential amplitudes shows a sharp peak 
that helped identify the target muscle of the 
motoneuron. For 25/33 motoneurons so in- 
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vestigated (76%), the target muscle was clearly 
identified from the shape of the averaged mo- 
tor-unit potentials (Fig. 5B) and a plot of the 
potential amplitudes recorded in each muscle 
(Fig. 5C). 

For 8/33 motoneurons, however, potentials of 
comparable latency, amplitude, and frequency . 
components could be resolved in more than one 
muscle. These ambiguities were attributed to the 
particular location of the EMG electrodes relative 
to the motor-unit territory. In these cases it proved 
helpful to use a second, independent, method to 
identify the target muscle. The method [fully de- 
scribed in the following paper; (25)] was based on 
computer fitting the instantaneous firing frequency 
of the motoneuron to the envelopes of the EMG 
profiles recorded from each muscle during walking. 
We typically found that a larger fraction of the vari- 
ance in the instantaneous frequency of a motoneu- 
ron was accounted for by the EMG profile of its 
target muscle, than by any other anterior thigh 
muscle. For 18/26 motoneurons tested (69%), the 
methods of spike-triggered averaging and variance 
estimation rendered the same answer for target 
muscle. For 4/26 other motoneurons (15.5%) the 
target muscle suggested by spike-triggered averaging 
coincided with the second choice based on variance 
estimation, or vice versa. For the remaining 4/26 
motoneurons (15.5%) there was no agreement be- 
tween the result of spike-triggered averaging and 
variance estimation; however, in three of these cases, 
one or more of the EMG electrodes were mono- 
polar. Since the agreement between the two meth- 
ods was so convincing, we used the result of variance 
estimation to identify the target muscle of those 
motoneurons for which spike-triggered averaging 
gave an ambiguous result. 

Determination of the recruitment threshold 
of a recorded motoneuron 

Figure 6A shows recordings obtained as cat 
Q took two steps at a belt speed of 0.25 m/s. 
The largest action potentials in the raw VR 
microelectrode record (top trace of Fig. 6A) 

8 belonged to unit Q8A7, an SA-a motoneuron 
that was active during the swing phase of gait. 
The second trace shows the raw EMG recorded 
from the SA-a muscle. The third trace shows * the instantaneous frequency (IF) of discharge 
of unit Q8A7. Spike occurrences are shown 
by dots. The height of each dot is inversely 
proportional to the time since the previous 
spike occurrence (see Ref. 25: METHODS). The 
bottom trace shows the rectified Paynter-fil- 
tered (30-Hz high-frequency cutoe Ref. 12a) 
SA-a EMG. The instantaneous firing of the 

motoneuron roughly paralleled the shape of 
the smoothed EMG burst of its target muscle. 
This finding will be discussed fully in two 
companion papers (21, 25). In this paper we 
will focus only on the level of target-muscle 
EMG reached when thefirst spike of each mo- 
toneuron burst occurred, which is our opera- 
tional definition of the EMG threshold for re- 
cruitment of a motoneuron (see METHODS). 
In Fig. 6A, dashed vertical lines indicate the 
time of occurrence of the first motoneuron 
spike for each step. These lines intersect the 
EMG profile at the threshold value for each 
step. 

We calculated mean threshold values and 
determined their variability on the basis of 
16-s epochs of constant-speed walking. In the 
example shown in Fig. 6B, 12 steps were taken 
by cat Q at a belt speed of 0.25 m/s. In this 
computer-generated phase plot, the dots and 
crosses represent the 79 spikes fired by unit 
Q8A7. The abscissa shows the instantaneous 
frequency assigned to each spike. The ordinate 
shows the instantaneous value of the rectified 
smoothed SA-a EMG at the time when that 
spike occurred. 

Phase plots were a convenient way to vi- 
sualize the recruitment properties of moto- 
neurons because the spikes were clearly seg- 
regated into two populations. By virtue of their 
low instantaneous frequency values, the first 
spikes of the 12 bursts plotted in a cluster near 
the vertical axis in Fig. 6B (crosses; not all are 
visible due to overlaps). The rest of the spikes 
clustered loosely about a diagonal line fitted 
by the method of least squares. This indicated 
that, once a motoneuron was recruited, its fir- 
ing rate tended to increase roughly in propor- 
tion to the amplitude of the smoothed EMG 
of the target muscle (21,25). In Fig. 6B it can 
be seen that the threshold level of SA-a EMG 
when motoneuron Q8A7 was recruited varied 
for each of the 12 steps, but only modestly. 
The computed mean EMG threshold value is 
shown by a horizontal dashed line. Symmet- 
rically placed bars indicate *one standard de- 
viation. 

Standardization of thresholds to a 
constant speed of walking 

For every recorded motoneuron, the mean 
recruitment threshold value was reproducible 
when computed for different 16-s segments of 
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FIG. 6. A: example of motoneuron Q8A7 discharging as cat Q took 2 steps at a belt speed of 0.25 m/s. Top trace: 
raw signal recorded by microelectrode no. 8. The largest spikes were fired by motoneuron Q8A7 during the swing 
phase of gait. Two other units (smaller spikes) were active during the stance phase. Second trace: raw EMG recorded 
from SA-a, the target muscle of unit Q8A7. Third trace: instantaneous frequency ( I F )  of Q8A7 in pulses per second 
(pps). Fourth trace: Paynter-filtered (Ref. 12a) EMG of SA-a. Vertical dotted lines indicate the time of occurrence of 
the first spike in each burst. Note that the instantaneous frequency assigned to each first spike is low (of the order of 
1 Hz). B: phase diagram displaying the instantaneous frequency of Q8A7 along the abscissa and the filtered SA-a 
EMG along the ordinate, in arbitrary units (both scales are linear). Horizontal dashed line indicates average SA-a EMG 
value corresponding to the recruitment threshold of unit Q8A7. Diagonal line indicates best fit (r = 0.82; first spikes 
of each step excluded). Data base was 12 consecutive steps at 0.25 m/s. Further description in text. C: variation of 
recruitment threshold as a function of treadmill speed for unit Q8A7 and also for unit UA4, a higher-threshold VM 
motoneuron. Ordinate: average value of target-muscle EMG threshold, divided by the average peak EMG corresponding + 
to a treadmill speed of 0.5 m/s to obtain a percent value. Error bars indicate &1 SD. For each motoneuron, the 
intersection (arrow) of a line fitted to the threshold values (r = 0.89 for Q8A7; r = 0.91 for UA4) with a vertical line 
drawn at 0.5 m/s defined T(0.5), the standardized threshold. 

, 

walking at the same treadmill speed. However, as percent of the average peak EMG computed 
at different walking speeds the mean threshold at each speed, and we defined a standard 
often changed somewhat. To compare the re- walking speed, 0.5 m/s, at which comparisons 
cruitment of motoneurons projecting to dif- would be made. Our analysis of motoneuron 
ferent muscles in different cats, and to reduce recruitment as a function of axonal CV de- 
variability introduced by electrode locations rived from this standardized definition of 
and recording gains, we expressed thresholds threshold. 
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It was not always possible to obtain walking For unit Q8A7, however, this trend was not 
data at 0.5 m/s. For most motoneurons we significant. Other motoneurons showed de- 
obtained data at three or more speeds and then creasing trends and yet others had flat or non- 
interpolated to obtain the threshold at 0.5 monotonic relationships. It is not clear why 
m/s [called T(0.5); see METHODS]. Examples EMG thresholds should have varied either up 
of determination of T(0.5) are shown in Fig. or down with speed of walking. Several factors 

thresiold VM motoneuron from a different tended to fire at higher initial frequencies (25). 
cat. The computed T(0.5) of each motoneuron This effect, in combination with the recruit- 
is shown by arrows. ment of additional motor units, could have 

For both units shown in Fig. 6C, EMG altered the rate of rise of the smoothed EMG 
threshold values increased for faster walking. in complex, nonlinear ways. In addition, in- 

A ALL MOTONEURONS 

50 70 90 110 cv (rn /s t3O 

FIG. 7. A: relation between axonal CV and recruitment threshold for 28 motoneurons. Bars indicate 1 SD in the 

v & ,  10 to SA, &d 6 to RF. B: relation between axonk CV and recruitment threshold for 7 pairs of mot6neurons 
that projected to the same muscle in the same cat. Each pair of motoneurons demonstrated a positive relation between 
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dividual cats may have changed the relative 
recruitment of the anterior thigh muscles, and 
this could have affected both the shape and 
rate of rise of the EMG profiles. Our internal 
normalization with respect to a single walking 
speed was meant to reduce the variance that 
could be caused by these and other factors. 

Relation between axonal conduction velocity 
and order of recruitment 

Figure 7A shows a plot of T(0.5) versus ax- 
onal CV for 28 motoneurons. We included 
only units for which we measured CV in the 
peripheral axon because of the higher precision 
and reliability of this measurement. A straight- 
line fit indicated a positive correlation between 
CV and threshold (r = 0.5 1). This trend was 
significant at the 2% confidence level (P < 
0.02). A clear positive correlation was seen 
when comparing the subset of motoneurons 
that had low CV (<70 m/s) against the subset 
with high CV (>lo0 m/s). Units with inter- 
mediate CV values scattered over a wide range 
of threshold values. 

Orderly recruitment of matched pairs 
of motoneurons 

Although the trend in Fig. 7A was statisti- 
cally significant, the variance was higher than 
could be attributed to measurement uncer- 
tainties. Much of the variance could have been 
introduced by pooling data from motoneurons 
that projected to six different muscles of the 
anterior thigh, collected from nine cats that 
varied in age, sex, and size and had unknown 
exercise history prior to training in the labo- 
ratory. 

To remove these sources of variability, we 
investigated the recruitment thresholds of 
seven pairs of motoneurons that innervated 
the same muscle in the same cat (Table I and 
Fig. 78). The units in all pairs but one were 
recorded on different days, but the comparison 
of their CV values was validated by the long- 
term stability of the nerve compound action 
potential latencies recorded from implanted 
nerve cuff electrodes (see also Ref. 11). 

Table 1 shows that the motoneuron with 
the lowest CV in each of the seven matched 
pairs also had the lowest threshold of recruit- 
ment. In Table 1 the unit pairs are shown or- 
dered by the difference in their thresholds 
(AT). The difference in their CVs is also shown 
(ACV). For unit pairs 1-4, both AT and ACV 
were large, and T and CV were strongly cor- 
related. For unit pairs 5 and 6, AT was com- 
parable to the SD in the measurement of T. 
However, a small AT value was consistent with 
the fact that the difference in CV values also 
did not exceed the uncertainty in CV. In spite 
of the small differences in CV and T values, 
unit pairs 5 and 6 still showed positive trends. 
Unit pair 7 was the only pair where the CV 
difference was large but AT was small. Nev- 
ertheless, CV and threshold were positively 
related for unit pair 7, as for the other pairs. 

The result of comparing matched moto- 
neuron pairs suggests that the large scatter in 
the data of Fig. 7A may indeed have been a 
consequence of pooling data from different 
cats and muscles. Note that at least one, and 
usually both of the motoneurons compared as 
pairs in Table 1, had CV values in the middle 

TABLE 1. Recruitment properties of pairs of motoneurons projecting 
to the same muscle in the same cat 

Motoneuron 1 Motoneuron 2 M N 2 - M N 1  

Pair CV, T (OS), CV, T (OS), ACV, AT, 
No. Cat Muscle Name m/s % Name m/s % m/s % 

1 M RF M11A8 79.9 f 2 . 5  3 f 3 MllAlO 92.7 k2.7  75 f 1 1  12.8 72 
2 M RF M5A10 82.1 k2.5  9 f  7 MllAlO 92.7k2.7 75+ 1 1  10.6 66 
3 L SA-a (flex) L2A42 64.6 f 1.5 24+ 7 MA14 97.4 + 2.5 79 k 12 32.8 55 
4 M SA-a (flex) M10B3 92.7+ 2.7 35 + 1 1  MlOAlO 110.6 f 3.3 74+ 1 1  17.9 39 
5 Q SA-a (flex) Q8A7 83.8 2 2 . 3  18 + 7 QlOA37 86.1 +2.4 26+ 17 2.3 8 
6 M RF MllA8 79.9 k2.5  3 +  3 M5AlO 82.1 k2.5 9 +  7 2.2 6 
7 L VM L4A4 98.7 f 2 . 5  56 + 9 L3A6 117.2 + 3.0 60 f 1 1  18.5 4 

CV, conduction velocity; T (0.5), threshold value at 0.5 m/s; RF, rectus femoris; SA-a, sartorius anterior; VM, vastus 
medialis. 
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of the range. This was the subset of motoneu- 
rons that had the largest scatter in threshold 
values (Fig. 7A). However, when motoneurons 
in this CV range were compared in matched 
pairs they were found to have positively cor- 
related CV and T (Fig. 7B). Taken together, 
these observations fit the notion that the re- 
cruitment of motoneurons in freely walking 
cats proceeds in orderly fashion. 

? 

DISCUSSION 

Recruitment properties of hindlimb 
motoneurons 

Two main findings emerged from this study. 
First, in cats walking at a constant treadmill 
speed within the range from 0.1 to 1.3 m/s, 
anterior thigh motoneurons had reproducible 
thresholds of recruitment defined with respect 
to the target muscle EMG. Second, when 
measured at a standard walking speed, 0.5 
m/s, the thresholds of recruitment were pos- 
itively correlated with axonal conduction ve- 
locity. Thus, during normal cat locomotion, 
anterior thigh motoneurons are recruited in 
an orderly fashion that is correlated with ax- 
onal size. 

The results of this study have provided the 
first evidence for orderly recruitment of indi- 
vidual hindlimb motoneurons in intact awake 
cats during the voluntary performance of a 
natural motor behavior. The original postu- 
lation of the "size principle" (16), and a vast 
sequel of studies (for review see Ref. 15), were 
done in the hindlimb of cats which were de- 
cerebrated, otherwise lesioned, or anesthetized, 
and therefore the voluntary component of 
movement control was absent. The validity of 
the standard approach to determining reflex 
recruitment thresholds in decerebrated cat ex- 
periments was also questioned recently (8). 

6 In assessing the general significance of the 
findings of the present study, it is important 
to bear in mind a number of considerations. 

I 

Motoneuron size vs. motor-unit type 
It has been debated vigorously in recent 

years whether the "size" of a motoneuron is 
indeed the ultimate determinant of its recruit- 
ability. The controversy has been amply de- 
scribed in recent reviews (5, 15, 50). In syn- 

thesis, whereas Henemann and others believe 
that motoneuron size is the single critical fac- 
tor, Burke and others have proposed that the 
multiple physiological, biochemical, and syn- 
aptic properties that characterize a motor 
unit's type, also determine its recruitability. 

In this study we obtained an indirect mea- 
sure of motoneuron "size" from its axonal CV. 
The conduction velocity of axons is strongly 
correlated with axonal diameter (4, 26). It re- 
mains unclear, however, whether axonal di- 
ameter is (10,28) or is not (6) reasonably well 
correlated with motoneuron "cell size." In any 
event, on the basis of conduction velocity, our 
finding of orderly recruitment of pairs of mo- 
toneurons innervating the same muscle in in- 
dividual normal cats was in complete agree- 
ment with observations made in decerebrated 
cats by Bawa et al. (3), where the recruitment 
order of pairs of soleus and/or relatively low- 
threshold medial gastrocnemius motoneurons 
during stretch reflexes was strictly correlated 
with axonal conduction velocity. 

It is interesting to note that in another study 
in decerebrated cats (56), axonal CV was found 
to be strictly correlated with recruitment order 
in 2 1/22 pairs of plantaris motoneurons con- 
sisting of at least one type S unit. The corre- 
lation between recruitment order and CV 
broke down, however, when both units in a 
tested pair were of type F, whereas the tetanic 
tension of motor units remained perfectly 
correlated with recruitment order (56). Since 
tetanic tension correlates well with motor-unit 
type, whereas axonal CV correlates less well 
(5), these findings have supported the hypoth- 
esis that motor units are recruited by type 
rather than size (see also 53). This may be re- 
lated to the larger scatter of thresholds for units 
with midrange CVs in Fig. 7A. 

In our experiments, we sometimes at- 
tempted to obtain the physiological type of 
the associated muscle unit of a recorded mo- 
toneuron using microstimulation through the 
VR microelectrode (see Ref. 41) but usually 
we failed because we encountered first other 
axons with lower thresholds to electrical stim- 
ulation. It was instructive, however, that those 
axons having lowest electrical threshold fre- 
quently also had fast CV, were type F muscle 
units, and were not recorded during locomo- 
tion. It is unlikely that these units were active 
during locomotion but that we failed to detect 
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them; had they been active, they would have 
generated large easily recordable VR action 
potentials, since they were apparently large 
axons and in close proximity to the electrode. 
The implication is that many large axons, pre- 
sumably high-threshold type FI or FF, are not 
active at these walking speeds (see also Ref. 
55). Although the roles of different motor-unit 
types in walking will only be understood once 
a large sample of type-identified motoneurons 
becomes available for study, these results, 
taken together, are consistent with the current 
view (5) that only nonfatigable motor units of 
Type S or FR are recruited in cats walking at 
slow or moderate speeds (up to 1.3 m/s in this 
study). This may also explain the reasonably 
good agreement found between CV and 
threshold in our study, as well as in previous 
studies in decerebrated cats (3, 56). 

Motoneuron recruitment as a function 
of task 

Locomotion is only one of many tasks that 
cats can perform with their hindlimbs. We ob- 
served orderly recruitment for slow and mod- 
erate speeds of walking, but it is possible that 
different modes of motoneuron recruitment 
may occur in tasks requiring higher forces or 
faster alternating movements. At the whole- 
muscle level, recent studies in intact cats have 
reported the selective recruitment of primarily 
fast-type gastrocnemii muscles with simulta- 
neous suppression of their slow-type synergist 
soleus, during the paw-shaking response (48) 
and during rapid postural adjustments (44, 
45). The correlation of recruitment with CV 
found for normal walking may not apply for 
these tasks, which are likely to involve a larger 
fraction of type FF units. 

An additional factor that may affect the re- 
cruitment threshold of motor units is the prior 
history of usage. With the onset of fatigue, the 
usage patterns of synergists, or of motor units 
within individual muscles, might change. We 
did not investigate the effects of fatigue in these 
experiments. 

Technical considerations regarding 
the use of permanently implanted 
floating microelectrodes 

A practical drawback of the hatpin design 
was the impossibility to modify the position 
of the microelectrodes, once implanted. The 
sampling of new units depended on slow mi- 

gration of the electrode tip within the root, 
which presumably took place as tissues re- 
modeled and repaired over some weeks. A 
finding that caused us some concern was that 
conduction was significantly slowed in the VR 
region of almost half of the fibers that we stud- 
ied in detail. However, only in rare occasions, 
in axons that were presumed to be severed, I 

was there evidence that the patterns of firing 
were also affected (e.g., Fig. 20). No systematic 
difference was found in the discharge patterns 
(see 25) recorded from presumed "injured" 
and "uninjured" anterior thigh motoneurons. 
The severity of the conduction slowing was 
not correlated with the time after implanta- 
tion. The CV of units recorded on day 4 or 
day 38 could be affected to the same extent. 
The fact that conduction velocities remained 
in the normal range in the peripheral nerve 
suggested that the damage was limited to a 
region near the electrodes in the VR. There- 
fore, to obtain accurate CV values, it was im- 
perative to measure the propagation time be- 
tween two electrodes placed along the periph- 
eral nerve, rather than from the VR electrodes 
to a single location in the periphery. 

The discrepancy between root-to-cuff and 
intracuff CV measurements was more severe 
for motoneurons than for afferent fibers re- 
corded with similar microelectrodes in the 
dorsal ganglia of the same cats (Fig. 3B of 25). 
Apparently, the (centrifugal) action potentials 
of injured motoneurons had to propagate 
along a slow conduction region of the VR aJier 
the averager was triggered, delaying their ar- 
rival at the femoral cuff electrodes. In contrast, 
when the averager was triggered by the arrival 
of (centripetal) afferent fiber action potentials 
soon after they entered the injured region, the 
conduction latency from cuff to ganglion ap- 
peared to be less affected. 

The finding that spike-triggered averaging 
yielded smaller action current amplitudes for , 
"injured" motor fibers than for "uninjured" 
fibers of similar CV is consistent with jitter 
and/or conduction failures occurring in in- 
jured fibers. Normally, fibers of similar con- 
duction velocity may be presumed to have 
similar diameters (42). Assuming that afferent 
and efferent fibers were similarly distributed 
throughout a cross-section of the femoral 
nerve, fibers of similar CV would be expected 
to generate action currents of similar ampli- 
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tude as measured by electrodes within a nerve 
cuff (37). Both jitter and conduction failures 
would account for a reduction of the spike- 
triggered averaged action currents obtained 
from injured axons. Jitter in conduction la- 
tency across the injury would tend to reduce 
the average due to incomplete superposition 

P of repeated potentials. In addition, if conduc- 
tion failures occurred, fewer action currents 
would be recorded, leading to a lower average 

l value for a given number of trials. 

Advantages of thefloating 
microelectrode approach 

The main advantage was the stability of the 
records obtained from single neurons in cats 
that were free to move. Individual units could 
usually be held for a whole day or longer, al- 
lowing us to record from single motoneurons 
during a range of activities and over long 
epochs suitable for signal averaging, and then 
anesthetize the cat and study the contractile 
properties of the muscle unit using micro- 
stimulation. By implanting microelectrodes in 
the ventral roots rather than in the ventral 
horn, we avoided the possibility of disturbing 
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