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Abstract 

The present “loop analysis” study was undertaken to determine the extent to which the segmented 
electromyographic (EMG) responses of cat triceps brachii to imposed elbow displacements can be 
used as a model for those occurring in primate wrist musculature under similar input conditions, 
since previous workers have assumed homology between the two systems. To this end, the response 
properties of the EMG peaks and the range of latencies available to a “transcortical loop” were 
determined in the cat and compared with previous findings from primates. 

During chronic experiments, simultaneous recordings were made from motor cortical neurons 
(MCNs) and triceps EMG in response to step loads imposing flexion on the elbow joint. Subsequent 
acute experiments in the same animals used intraspinal microstimulation to determine the anti- 
dromic latencies to the area of cortex containing responsive MCNs, and orthodromic latencies to 
triceps EMG activation from the same loci. 

Following displacements imposed from flexed initial joint angles, the EMG was segmented into 
two or more peaks while, from extended angles, a single segment was followed by a “silent interval” 
and tonic activity. Segmentation into three peaks was only observed under limited conditions. 

Peak 1 showed a constant latency (8 to 12 msec) and resembled the primate Ml segment. A 
“silent interval,” not present in primate wrist muscles, followed peak 1, and its duration varied with 
the average velocity of the imposed displacement. Peak 2 followed the “silent interval” at variable 
latency (34 to 52 msec), in contrast to the constant and shorter latency shown by the primate wrist 
M2. Peak 3 was variable in appearance and latency (69 to 85 msec when distinguishable) and its 
homologies remain unclear. Peak 1 was monotonically graded with average velocity of displacement, 
whereas peaks 2 and 3 showed variable responses. 

Summation of the afferent and efferent latencies for the “receiving zone” of the motor cortex 
gave modal values of 19 to 23 and 23 to 27 msec for the expected time of occurrence of EMG activity 
dependent upon MCNs responding to the imposed displacement as part of a “transcortical loop.” 
This activity would therefore occur during the “silent interval,” in contrast to the M2 segment in 
primate wrist muscles, where MCN activity seems to be appropriately timed to contribute to this 
segment. 

It is concluded that the cat triceps brachii EMG responses, together with the related motor 
cortical responses to imposed elbow displacements, cannot be utilized as a model to study the 
mechanisms underlying the longer latency EMG segments observed at the primate wrist. 

Invasive methods, including lesioning, microstimula- neural circuits underlying mammalian motor control. In 
tion, and single neuron recording techniques, carried out attempts to determine whether similar circuitry operates 
in the cat and in a few subhuman primate species have in man, one approach has been to compare electromy- 
provided information essential to the understanding of ographic (EMG) activity during specific movement par- 

adigms in experimental animals to that in man (see 
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Tatton et al., 1978). The observed EMG patterns are 
interpreted as reflecting the levels of excitability in spe- 
cific motoneuron pools and the influences of descending 
and/or segmental inputs on them. 

Using this approach, the segmented bursts of EMG 
activity in response to imposed perturbations applied 
across different joints have been examined in man, mon- 
key, and cat (see Hammond, 1954; Tatton et al., 1975; 
Ghez and Shinoda, 1978, for examples). Yet, despite the 
fact that apparently identical perturbation paradigms 
have been used, two interrelated problems raise questions 
as to whether results obtained by invasive techniques in 
animals can be used to interpret data obtained by non- 
invasive methods in man. 

First, within a single species, different joint-muscle 
systems are required to perform repertoires of disparate 
motor tasks and can encounter dissimilar kinds of envi- 
ronmental input during their normal functioning. Thus, 
the “weighting” or even the occurrence of a specific 
neural mechanism might vary widely between different 
joint-muscle systems in a single species (Len2 et al., 
1983a, b). In fact, homology between peripheral and 
central mechanisms may not even extend to muscles 
acting across the same joint, as is evident from studies 
of soleus and tibialis anterior during ankle perturbations 
in man (Gottlieb and Agarwal, 1980). 

Second, the musculoskeletal systems of different spe- 
cies are adapted to perform characteristic motor func- 
tions which may utilize unique neuronal circuits, or even 
the same circuits in various ways to reflexively modify 
movements in activities as dissimilar as walking, swim- 
ming, or flight. 

In early studies, arguments based on the latencies of 
the EMG segments were used to draw inferences as to 
the likely pathways involved in their generation, espe- 
cially with regard to the longer latency segment (M2) in 
the primate distal upper limb and its dependence on the 
motor cortex. Subsequently, the simple observation of a 
segmented EMG response has been regarded as sufficient 
to indicate the presence of common underlying mecha- 
nisms, irrespective of species or joint-muscle system. 

In the present work, we chose to carry out a “loop 
analysis” study of the most clearly segmented EMG 
response reported to date, that of the cat triceps brachii, 
since it is this system which has been widely quoted as 
providing definitive evidence against the existence of a 
“transcortical loop” (Ghez and Shinoda, 1978). We at- 
tempt to resolve some of the conflicts in the literature 
by examining the characteristics of the perturbation- 
evoked segmented EMG responses, the timing of simul- 
taneously recorded motor cortical neuronal responses, 
and corticospinal conduction times related to triceps 
brachii in the cat, i.e., define the time constraints im- 
posed on a hypothetical “loop” through the motor cortex. 
The results are compared with the most intensively 
studied system to date, that of the primate wrist (the 
term “primate” in this context rightly includes man). 

Our study demonstrates that the EMG responses in 
these two muscle-joint systems (cat elbow and primate 
wrist) show major disparities. Specifically, the long la- 
tency EMG segments in cat triceps show response prop- 
erties that differ from those in primate wrist muscles, 

and the timing of motor cortical neurons’ activity re- 
corded simultaneously with the EMG activity is not 
appropriate to contribute to the cat triceps EMG re- 
sponses. A preliminary account of some of this work has 
been presented (North and Tatton, 1980). 

Materials and Methods 

Chronic preparation. Seven cats (3 to 4 kg) were pre- 
pared under barbiturate anesthesia. Three stainless steel 
holding bolts were implanted in the dorsolateral parietal 
bone. The lateral pericruciate cortex on one side was 
exposed and covered by a l-cm-diameter stainless steel 
well sealed over the craniotomy and adapted to carry the 
hydraulic microdrive. The vertical axis of the well was 
oriented approximately parallel to the rostrocaudal angle 
of the cruciate sulcus. The holding’bolts, well, and ex- 
posed bone were finally embedded and fixed in dental 
acrylic (Fig. 1). The animals tolerated the surgery well 
and were moving and feeding normally 24 hr later. 

On the 3rd postoperative day, being either fully awake 
(three animals), or lightly tranquilized with aceproma- 
zine (four animals), the cat was wrapped in a restraining 
bag and its head was painlessly immobilized by attaching 
threaded bars to the holding bolts. The shoulder girdle 
was immobilized by a fitted cast which restricted move- 
ment to the elbow joint contralateral to the recording 
well. With appropriate adjustments for each cat, the 
center of rotation of the elbow joint was maintained 
approximately coaxial with the shaft of a precision torque 
motor (Fig. 1). 

The motor, under the control of a PDP 11/34 com- 
puter, imposed step loads to flex the elbow. Loads were 
randomized as to duration (450 to 600 msec), interval 
between loads (3 to 5 set), and sequence of presentation 
of four specified load magnitudes (0.04 to 0.16 newton- 
meters, chosen to correspond to those used previously by 
Ghez and Shinoda, 1978). The motor’s time to peak 
torque was 3.2 msec. An infinite resolution potentiometer 

MCN , 

Figure 1. Schematic illustration of experimental arrange- 
ments for chronic and acute experiments. In the chronic exper- 
iments the activity of motor cortical neurons (MCN) and 
triceps brachii (EMG), along with joint angle, were recorded in 
response to imposed loads. In acute experiments, a simulating 
electrode was manipulated into the cervical spinal cord 
(SZ’IM). The inset shows a dorsal view to illustrate the mani- 
pulandum. Stabilizing attachments are shaded. &, 02, and 8, 
indicate three initial joint angles. 
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attached to the motor’s shaft provided a continuous 
measure of limb position (joint angle). In individual 
experiments, displacements were imposed from mechan- 
ical stops placed at three different initial joint angles 
(@, &, and 8, in Fig. l), and the manipulandum moved 
the forelimb into flexion to a padded stop, stretching 
triceps brachii. 

EMG activity was recorded differentially through pairs 
of 75ym wires insulated to within 2 mm of the tip, 
inserted into the long head of triceps brachii. The activity 
of single motor cortical neurons (MCNs) was recorded 
using insulated tungsten microelectrodes mounted on a 
microdrive and micropositioner which allowed penetra- 
tions to known depths in a l-cm grid over the lateral 
pericruciate cortex (area 4 of Hassler and Muhs-Clement, 
1964). Daily 3- to 5-hr recording sessions were carried 
out over periods of 3 to 6 weeks. 

Triceps EMG, MCN activity, joint angle, and motor 
control pulses were recorded on magnetic tape for sub- 
sequent off-line analysis. 

Acute preparation. In order to obtain precise measure- 
ments of conduction times from motor cortex to triceps 
brachii, the chronic recording period was terminated by 
an acute experiment for five of the cats. Following anes- 
thesia with chloralose:urethane (lO%:l%, 7 ml/kg) and 
laminectomies from C2 to C6, the animal was suspended 
in a spinal recording frame and the exposed cord was 
maintained in a warmed pool of mineral oil (Fig. 1). 

Procedures for recording from single MCNs and tri- 
ceps EMG during torque motor-imposed elbow displace- 
ments were carried out as for the chronic experiments. 
Under microscopic control, a concentric stimulating elec- 
trode (diameter, 150 Km) was micromanipulated in a grid 
of penetrations in the contralateral C2 to C3 spinal cord 
for antidromic identification of simultaneously recorded 
MCNs. All but the most ventral areas of the hemichord 
were explored. Trains of O.l-msec pulses at 50 to 250 Hz 
with current intensities up to 50 PA were delivered. 
Antidromic activation of MCNs was defined by: (1) fixed 
latency, varying less than 50 psec: (2) one-for-one follow- 
ing up to 150 Hz; and (3) collision with spontaneously 
occurring action potentials. Simultaneously, the same 
intraspinal microstimulation method was used to deter- 
mine times from C2 or C3 stimulation to the onset of 
triceps EMG activation. 

At the end of each acute experiment, electrolytic le- 
sions were made in the motor cortex and spinal cord to 
facilitate subsequent reconstruction of electrode tracks. 
The animals were then killed by anesthetic overdose and 
perfused with isotonic saline followed by 10% buffered 
formalin. Serial frozen sections through pericruciate cor- 
tex and cervical cord were cut at 50-pm intervals and 
stained with Luxol fast blue and cresyl violet for identi- 
fication of electrode positions. 

Analysis. Analysis programs separated the randomly 
sequenced loads by magnitude. A typical sequence of 10 
elbow movements imposed by a single load magnitude 
(0.16 newton-meter) is shown in Figure 2A. Average joint 
angle and average rectified EMG activity were con- 
structed for each load magnitude (Fig. 3). Statistical 
subroutines calculated mean background (prestimulus) 
EMG activity (designated Ub, Fig. 2o), the level 3 SD 
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Figure 2. Example of analysis techniques. A, Ten joint angle 
traces for a single load magnitude extracted from the random 
load sequence. Note that three of the imposed movements did 
not follow the normal trajectory. B, Those movements during 
which the cat resisted the imposed displacement (the third, 
fourth and sixth trials) were deleted, providing an average joint 
angle trajectory (C) and the corresponding average rectified 
EMG (D). The representative nature of the average was con- 
firmed by observation of the single events from which it was 
constructed (E). D further illustrates the methods of latency 
and amplitude measurement from EMG responses. Mean back- 
ground EMG level (U,) was calculated for the 75 msec preced- 
ing the onset of the movement, and a line defining 3 standard 
deviations above the mean (3SD) was calculated. The points 
at which the EMG levels exceeded the 3SD level (I, 2, and 3) 
were used to measure the onset latencies. The areas under the 
curve above mean background activity provide the amplitude 
values for each response peak as millivolts per millisecond per 
presentation. 

above mean background, and the areas above mean back- 
ground activity encompassed by the response peaks. The 
mean background activity was calculated from the aver- 
age EMG level during the steady-state 75-msec control 
period immediately preceding the onset of the step load, 
when the limb had returned to the stationary rest posi- 
tion after the previous trial (statistical criteria are illus- 
trated and defined in Fig. 20). Latencies were measured 
directly from the average data as the time between the 
onset of the motor control signal and the points at which 
the EMG activity exceeded the 3 SD level illustrated in 
Fig. 20). 

Unexpected variations in joint stiffness due to the 
cats’ voluntary activity were found in some trials to result 
in different displacements being evoked by loads of the 
same magnitude. During data analysis, those individual 
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trials in which (I) the imposed displacements varied 
from a fixed duration and amplitude and (2) voluntary 
movements preceded the onset of the imposed pertur- 
bation were eliminated from the construction of average 
EMG responses (note the trials eliminated from those in 
Fig. 2A leave those in Fig. 2B and the corresponding 
EMG responses in Fig. 2E, which were used to construct 
the average records in Fig. 2, C and D). Thus the averages 
for both the imposed movements and the EMG activity 
were representative of the individual trials used for their 
construction. Finally, in order to provide a more reliable 
index of the imposed movement than of load, and recog- 
nizing that the step load-imposed movements follow a 
sigmoidal trajectory, the average velocity of the move- 
ment was calculated from the beginning of the movement 
to the point at which the limb movement reached its 
maximum extent, and these values were used to construct 
the “gain,” latency, and duration plots of Figures 5 and 
6. 

Simultaneously recorded single response trials for 
MCNs which corresponded to the selected EMG trials 
were used to construct average response histograms (Fig. 
8, C and D). Latencies for MCN responses were measured 
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Figure 3. Examples of averaged data from which triceps EMG 
latency and amplitude values were obtained. These data are 
from a single experiment in which randomized load displace- 
ments were imposed at three different initial joint angles; they 
illustrate typical responses from initially flexed positions. (In- 
itial joint angle is measured between distal and proximal fore- 
limb, so that 90” is neutral, less than 90” indicates flexion, and 
greater than 90” indicates extension. All perturbations were in 
the flexion direction, stretching triceps brachii.) Each panel in 
the left column shows the average limb displacement produced 
by each of four imposed loads at initial joint angles of 74” (Al), 
90” (BI ), and 97” (Cl). The corresponding triceps EMG aver- 
ages are shown in each panel of the right column (A2, B2, CB), 
with their imposed load values in newton-meters to the right 
of each average. The values for average velocities, EMG ampli- 
tudes, and latencies are given in Figure 5. 
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Figure 4. An example of averaged EMG responses from 
extended initial joint angles of 82” (A), 100” (B), and 130” (C) 
in one experimental run. The numbers to the left of each trace 
show the average velocities of displacement (degrees per sec- 
ond) produced by the imposed loads (newton-meters) shown 
on the right of each trace. 

using mean background activity and 3 SD criteria as 
described for the EMG averages above. 

Results 

Latencies of EMG responses to imposed displacements. 
We found that the EMG responses to imposed displace- 
ments were not invariably segmented. Three peaks could 
be distinguished when the displacements were imposed 
from flexed initial joint angles (less than 100 to llO”), as 
illustrated in Figures 3, B and C, and 4A, even at low 
average velocities of displacement (see fourth trace, Fig. 
3B2). However, only peak 1 could be readily identified 
in most cases where the initial joint angle was greater 
than 100 to llO”, further peaks being indistinguishable 
from the tonic activity (Fig. 4, B and C). Finally, shorter 
durations could result in only two peaks (Fig. 3A), 
whereas more prolonged movements could evoke a fourth 
peak (Fig. 3B2, third trace). The variability in the move- 
ments produced by the same loads (compare velocity and 
load values in Fig. 4) imposed at different initial angles 
demonstrates that simply considering load as the input 
variable can be misleading. 

In order to determine whether the peaks were gener- 
ated by relatively “simple” reflex circuitry, as in a mono- 
or polysynaptic excitatory circuit of high synaptic secu- 
rity, where latency would be largely determined by the 
time around the “loop,” latencies were measured for a 
range of average velocities from different initial joint 
angles. Typical effects of average velocity and initial 
joint angle on latency derived from data such as that 
illustrated in Figure 3 are plotted in Figure 5A, con- 
structed for three initial joint angles and four average 
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Figure 5. Relationships between imposed load magnitude and EMG latency for the first 
(circles), second (triangles), and third (squares) EMG components in triceps brachii for a 
typical experiment. The left panels show the effects of average velocity of the imposed 
movement (degrees per second) on excitatory response latency at initial joint angles of 
74” (AI), 90” (A2), and 97” (A3). The right panels show the corresponding effects on the 
amplitudes of the EMG components. The area above the mean background level for a 
given average response peak in millivolts per millisecond (Pi) was normalized to the area 
of the largest peak (PMAX) on the ordinate of each panel (Bl, B2, B3). The lowest panel 
shows the average background EMG activity preceding the displacements ( Ub) normalized 
against the maximum background activity (UbMAX) for each average velocity at the 
different initial joint angles. 

velocities. Latencies for peak 1 ranged between 8 and 12 
msec in the seven animals but were constant to within 
fl msec in a single animal. As shown by the circles in 
Figure 5A, peak 1 latency was not affected by initial joint 
angle or average velocity, thus exhibiting the character- 
istics expected of a “simple” reflex. 

In marked contrast, the latencies of peaks 2 and 3 
(triangles and squares, respectively, in Fig. 5A) consis- 
tently decreased as the average velocity increased. The 
influence of initial joint angle was less marked, but peak 

2 and peak 3 latencies always increased for a given 
velocity as the initial joint angle became more flexed. 
The latency shifts observed for peak 2 usually ap- 
proached 20 msec, while those of peak 3 were even 
greater, often exceeding 30 msec (e.g., squares in Fig. 
5A2), suggesting that other factors, rather than just a 
“simple” reflex, could play a role in the generation of the 
longer latency EMG segments. 

The ranges of onset latencies for the three peaks (at 
the maximum imposed load of 0.16 newton-meter corre- 
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sponding to an average velocity of 400”/sec, pooled from 
all animals) were 8 to 12, 34 to 52, and 60 to 85 msec for 
peaks 1, 2, and 3, respectively. 

Amplitudes of EMG responses to imposed displace- 
ments. An indicator of the number of motoneurons re- 
cruited during the EMG responses can be provided by 
constructing an input/output plot, input being a param- 
eter of the imposed perturbation, such as average veloc- 
ity, and output the average amplitude of the EMG peak. 
From averaged data such as those illustrated in Figures 
3 and 4, the input/output relationships for each peak at 
each initial joint angle were calculated (Fig. 5B). The 
input was expressed as average velocity of displacement 
(degrees per second), and the output was calculated by 
normalizing the integrated EMG activity in each peak 
(Pi) above the mean background activity ( Ub) against 
the maximum activity evoked (P MAX) in each experi- 
mental session (see Tatton and Bawa, 1979, for the 
rationale of this method). 

At each initial joint angle, peak 1 showed a monotonic 
increase, indicating enhanced excitability in the triceps 
motoneuron pool, which often appeared to reach a max- 
imum at the higher velocities (Fig. 5B, circles). Peak 2 
also showed a graded increase with increasing average 
velocity, although usually with a lesser slope than peak 
1 (Fig. 5B, triangles). In contrast, peak 3 (which most 
often could not be measured at the lower average veloc- 
ities) only showed a graded response at the neutral initial 
joint angle (Fig. 5B2, squares), while in this case, main- 
taining a relatively low constant level when perturbed 
from the flexed initial joint angle (Fig. 5B1) and a more 
elevated level from the extended initial joint angle. 

Background EMG activity preceding the onset of the 
perturbations ( Ub/U, MAX) remained relatively con- 
stant throughout each experiment for a given joint angle 
(see lowest panel in Fig. 5B). Relative constancy of this 
measure is crucial to the interpretation of input/output 
relations, since the level of EMG activity (i.e., back- 
ground motoneuron activity) immediately preceding the 
load onset strongly influences the amplitude of the re- 
sponse peaks (Tatton and Bawa, 1979; Bedingham and 
Tatton, 1981). Thus the input/output curves for peaks 1 
and 2 appeared monotonic, while peak 3 (when it was 
sufficiently prominent to allow measurement) was ques- 
tionably related to the average velocity of displacement 
at different initial joint angles. 

The “silent interval. ” A period of decreased motoneu- 
ron activity, during which average EMG levels remained 
below mean background levels, has been termed the 
“silent interval,” and it consistently followed the first 
EMG peak in triceps (see Figs. 2 to 4, and 9). Since, 
during this period, EMG activity could decrease to un- 
detectable levels even in the averaged data (see Fig. BE), 
the magnitude of the decrease in activity could not be 
quantified directly. Alternatively, the duration of the 
silent interval, i.e., the length of time during which the 
EMG activity remained below the mean background 
level, was taken as an index. 

The duration of this interval showed a monotonic 
decrease with increasing average velocity of displacement 
independent of initial joint angle. A typical result is 
illustrated in Figure 6, although it must be noted that 

the absolute values for the duration of the interval varied 
among different animals. The decreasing duration of the 
silent interval with velocity reached an asymptotic value 
of 5 msec at an initial velocity of 300”/sec (Fig. 6, dashed 
line). The relationship of silent period duration to the 
size of peak 1 was not clear, although there may be a 
trend toward an inverse relationship (Fig. 6, inset) in 
this example. 

In order to further determine whether the silent inter- 
val was related to the preceding motoneuron activity 
during peak 1, large numbers of individual trials were 
examined for the infrequent cases in which the first peak 
of EMG activity failed to occur in response to displace- 
ments imposed by a maximal load that usually resulted 
in a well defined first peak. This procedure is illustrated 
for a sequence of 400 trials in Figure 7. A raster of seven 
randomly selected trials (Fig. 7C) showed the typical 
EMG response peaks on the average (Fig. 7B) to a flexion 
displacement (Fig. 7A). From the 400-trial sequence, the 
only seven cases where a typical displacement was im- 
posed (Fig. 7D), but the first response was greatly atten- 
uated or absent (Fig. 7F), were rastered and averaged. 
Both the individual trials and the averaged EMG (Fig. 
7E) lack a period of decreased EMG activity correspond- 
ing to the silent interval. 

Thus the “silent interval” consistently follows and 
does not occur independently of peak 1. However, graphic 
examination of their relationship (illustrated in the inset 
of Fig. 6) fails to reveal a single monotonic relationship 
between the magnitude of peak 1 and the duration of the 
silent interval which would be expected if the magnitude 
of peak 1 was the only variable that directly determined 
the duration of the interval. Thus, a number of different 
interacting factors which include the average velocity 
and the magnitude of the motoneuron activity during 
peak 1 may underlie the “silent interval.” 

MCN responses to imposed displacements and their 

0 
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Figure 6. Duration of the “silent interval” (or&ate) follow- 
ing peak 1 plotted against the average velocity of imposed 
movement (abscissa) for three initial joint angles in one animal. 
Note that duration decreases linearly with increasing average 
velocity, reaching an asymptotic value of about 5 msec (dashed 
line) at 300”/sec. Inset, Relationship between normalized peak 
1 amplitude (PI/PI MAX) and the duration of the “silent 
interval.” 0, 0, A, initial joint angles of 74”, 90”, and 97”, 
respectively. 
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Figure 7. Dependence of “silent interval” on peak 1. The 
upper panels show the average displacement (A), the average 
triceps EMG response (B), and a raster of the traces making 
up the average (C). Note the distinct “silent interval” following 
peak 1. In the lower panels are shown the average displacement 
(D), EMG response (E), and individual trials (F) in which 
peak 1 was small or absent. Note the absence of decreased 
EMG activity over the time at which the “silent interval” is 
normally expressed. 

temporal relations to the EMG responses. Simultaneously 
with the EMG recordings described above, MCN activity 
was recorded and analyzed according to the same latency 
criteria described above (see example in Fig. 8C). By 
mapping a two-dimensional grid on the pericruciate cor- 
tex, a “receiving zone” in area 4 containing MCNs re- 
sponding to the imposed displacements was delineated 
during the first 2 to 3 recording days in each cat. The 
receiving zone was located in an approximately 2-mm- 
wide strip, including both the anterior and posterior 

banks of the cruciate sulcus, and continued approxi- 
mately 4 to 6 mm into its depths adjacent to the lateral 
end of the sulcus (A. G. E. North, W. G. Tatton, I. C. 
Bruce, and W. Bedingham, manuscript in preparation). 

MCNs in this zone showed excitatory peaks in their 
average response histograms at onset latencies ranging 
between 10 and 28 msec following the beginning of the 
torque pulse (Fig. 8). Average response histograms show- 
ing an initial excitatory peak (responses showing initial 
decreased firing probability followed by excitation were 
excluded) provided the minimum and maximum afferent 
conduction times to the “receiving zone” from forelimb 
mechanoreceptors activated by the imposed displace- 
ments (see Fig. 3 in Bruce and Tatton, 1980). For any 
single MCN, onset latency was constant within +2 msec 
at all initial joint angles tested and over the entire range 
of imposed loads. The population of 93 MCNs excited by 
the perturbations showed two distinct modal latencies of 
14 to 16 and 18 to 20 msec as illustrated in Figure 9A (of 
the MCNs analyzed, 417 were inhibited or were unre- 
sponsive to the perturbations). 

The values for conduction time from the “receiving 
zone” to triceps activation were then determined. During 
acute experiments in the same animals, the antidromic 

POSITION 

58 

A 70 
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Figure 8. Example of average responses and their constituent 
rasters obtained from simultaneous recordings of MCN and 
triceps EMG activity. Upper traces: Average displacement flex- 
ing the forelimb from an initial joint angle of 70” to 58” (A), 
and a sample of individual position traces from which it was 
constructed (B). Middle traces: C, Average response histogram 
showing mean background activity ( Ub) and the 3 standard 
deviations level (3SD) from which excitatory response latencies 
were measured. D, A sample of single trials (vertical deflections 
indicate the occurrence of a spike in a single MCN) comprising 
the histogram. Lower traces: Corresponding average EMG re- 
sponse (E) and a sample of individual trials (F) recorded from 
triceps brachii. Zero time = onset of motor pulse. 
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Figure 9. Afferent and efferent “loop time” measurements. 
A and B, Orthodromic and antidromic latencies of MCNs 
responding to forelimb displacements. A, Afferent response 
latencies measured from the initiation of the torque motor 
pulse to the initial point at which the average response histo- 
gram peak crosses the 3 SD level (cf. Fig. 80). U, unresponsive 
neurons on the same electrode tracks in the “receiving” zone 
where excited MCNs were recorded (i.e., only a subpopulation 
of MCNs in the zone showed responses of initial excitation, 
while others were initially inhibited or unrelated to forelimb 
displacement). B, Antidromic latencies of MCNs to intraspinal 
microstimulation at C2. C to E, Example of orthodromic re- 
sponse in triceps brachii to intraspinal microstimulation at a 
C2 location where MCNs in the “receiving” zone could be 
antidromically activated. Average triceps EMG response (C) 
and sample rasters (D) from which it was constructed. Zero 
time = stimulus onset. E, Reconstruction of penetration grid 
at the level of C2. Open circles indicate no EMG response at 10 
PA; solid circle indicates the locus from which the responses 
shown in C and D were evoked. 

latencies of MCNs in the “receiving zone” were measured 
following intraspinal microstimulation in the dorsolat- 
era1 funiculus at C2 or C3 (Fig. 9E). MCNs conforming 
to the criteria for antidromic invasion (see “Materials 
and Methods”) showed latencies ranging from 1 to 7 
msec with a major mode between 1 and 2 msec (Fig. 9B). 

Microstimulation at the same spinal loci that anti- 
dromically activated MCNs in the “receiving zone” could 
evoke EMG responses in triceps brachii at latencies of 4 
to 5 msec as illustrated in Figure 9C and D. The regions 
of the spinal cord from which both EMG activity and 
antidromic activation could be evoked were highly local- 
ized, moving the electrode 1 to 2 mm, resulting in com- 
plete loss of the EMG response (note that the negative 
stimulation zones in the schematic drawing of Fig. 9E 
are only 1 mm away from the “active” site). The re- 
sponses in triceps obtained in this manner were bimodal, 
the early component having the lower threshold. Thus it 

should be borne in mind that the intraspinal stimulation 
method excites axons at C2 to C3 which project to the 
triceps motoneurons at C6 to C8, and that current spread 
to adjacent descending axons at C2 to C3 may be respon- 
sible for later EMG activity (see Alstermark et al., 1981, 
for a description of pathways and their roles in forelimb 
movements). Thus the minimum and maximum conduc- 
tion times for activity in the motor cortical “receiving 
zone” to activate triceps by way of the corticospinal tracts 
are 5 and 12 msec, respectively, with a mode at 5 to 6 
msec. 

Discussion 

Homologies and disparities in segmented EMG responses 
to sudden displacements 

The EMG segments reported here appear to corre- 
spond well with those reported by Ghez and Shinoda 
(1978) in cat triceps. First, the reported latencies of the 
three peaks are in agreement with those obtained here 
at the highest step load values imposed from initial joint 
angles of less than 100 to 110”. Second, the “gain” curves 
over identical input load values are at least qualitatively 
comparable in the two studies for peaks 1 and 2 (see Fig. 
2 in Ghez and Shinoda, 1978). Finally, the presence of a 
“silent interval” is common to both studies (although 
this phenomenon was not commented on by Ghez and 
Shinoda (1978), it is evident in a number of their figures). 
However, the fact that these three peaks are not invari- 
ably present, and only occur over a specific range of 
velocities and initial joint angles, was not previously 
reported. 

Ghez and Shinoda (1978) equated the second and third 
peaks evoked in cat triceps with the functional stretch 
reflex in the human ankle (Melvill Jones and Watt, 1971) 
and with the M2 and M3 of the monkey upper limb 
(Tatton et al., 1975), which had been proposed as possible 
expressions of a transcortical reflex functioning to coun- 
teract unexpected loads on the joint-muscle system 
(Phillips, 1969; Marsden et al., 1972). Since the human 
and monkey wrist muscles have been extensively inves- 
tigated with torque motor paradigms, they will serve here 
as a basis for comparison with the cat triceps. 

Peak 1. The first observation of note when the two 
systems are compared is that the cat triceps peak 1 
occurred at a shorter latency (8 to 12 msec) than the 
monkey wrist musculature’s Ml (13 to 16 msec), con- 
sistent with the shorter peripheral and central conduc- 
tion pathways in the smaller cats. Peak 1 was of constant 
latency and duration at all initial joint angles and load 
magnitudes. Its amplitude modulated with initial joint 
angle and increased with average velocity of displace- 
ment, saturating at higher velocities, indicating that the 
range of velocities used in these experiments included 
the dynamic range of this response. The response prop- 
erties of peak 1 in the cat triceps are therefore compatible 
with those of a segmental reflex. The early components 
reported for other muscle-joint systems (see Jaeger et 
al., 1982, for a review) show similar characteristics, and 
therefore it is possible, but not necessary, that these 
components are homologous between species and muscle- 
joint systems. 

Silent interval. A “silent interval,” when EMG activity 
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fell below the prestimulus background levels, was inter- 
jected between peaks 1 and 2 in cat triceps. This interval 
is also present in the decerebrate or spinal cat (see Figs. 
6 and 7 in Ghez and Shinoda, 1978). It does not appear 
in primate wrist muscles, where M2 is contiguous with 
and arises out of the falling phase of the Ml segment in 
averaged data (compare schematic responses in the lower 
panels of Fig. 10). 

The relationship between the silent interval and the 
prior appearance of peak 1 is not a simple one. Although 
the conditions necessary for the expression of the silent 
interval are shared with peak 1 (if peak 1 is not expressed, 
neither is the silent interval), there is no clear-cut de- 
pendence of silent interval duration on the amplitude of 
the immediately preceding peak 1. Alternately, the du- 
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Figure 10. Summary diagram illustrating the findings ob- 
tained from the cat triceps and comparison with monkey and 
man. All traces are plotted relative to time on the abscissa, 
where 0 indicates the onset of a torque pulse. DISPLACE- 
MENT indicates the angular joint rotation produced by the 
motor. The vertical bars show the minimum (solid bars), modal 
(open bars), and maximum (hatched bars) times at which the 
imposed movement evokes an M.C.N. RESPONSE, the con- 
duction time from AREA 4 to C2 derived from antidromic 
activation, and the conduction time from C2 TO TRIC. BR. 
(triceps brachii) measured by intraspinal stimulation. The uer- 
tical arrows indicate the minimum, modal, and maximum times 
at which a transcortical reflex loop would be expected to evoke 
EMG activity in the cat. The actual EMG responses are sche- 
matized for CAT TRIC. BR. and, to highlight the differences, 
schematic responses for MONKEY F.C. U. (flexor carpi ulnaris; 
drawn from Bawa and Tatton, 1979) and HUMAN F.C.R. 
(flexor carpi radialis; drawn from Bedingham and Tatton, 1981; 
Lee and Tatton, 1982) are illustrated on the same time scale. 
See the text for further details. 

ration of the silent interval is monotonically related to 
the average velocity of displacement, usually becoming 
asymptotic to a minimal value of about 5 msec at average 
velocities greater than 300”/sec. The presence of a silent 
interval thus clearly distinguishes responses in cat tri- 
ceps from those at the primate wrist. 

Peak 2. In contrast to the findings for peak 1, it is 
striking that the cat peak 2 has a longer latency (34 to 
52 msec, depending on the torque applied and the initial 
joint angle; see also Fig. 2 in Ghez and Shinoda (1978), 
where “M2” latency decreases from 50 to 40 msec) than 
that of the macaque M2 (32 to 36 msec) under similar 
input conditions (Bawa and Tatton, 1979). Importantly, 
the latency of peak 2 is determined by the duration of 
the “silent interval.” 

The influence of initial joint angle seen in the cat is 
not found in the primate wrist, where M2 latency is 
independent of initial joint angle if background activity 
is controlled for (Bedingham, 1981; W. G. Tatton and P. 
Bawa, unpublished observations). Furthermore, in view 
of the relatively constant latencies of modal MCN re- 
sponses (3 msec range of dispersion), a similar constancy 
might be expected in EMG dependent on the motor 
cortex. This condition appears to be satisfied in the case 
of the human or monkey wrist M2, where +2 msec 
variation occurs in a given subject, irrespective of the 
input so long as it exceeds some threshold level (Lee and 
Tatton, 1982; Lenz et al., 1983a). But peak 2 in cat 
triceps shows a wide range of latencies (20 msec) in a 
single animal, depending upon the input conditions. 
Therefore, peak 2 presents several specific disparities 
and is unlikely to be homologous with the functional 
stretch reflex (Chan et al., 1979), M2-M3 (Tatton et al., 
1975), ML-LL (O’Riain et al., 1979), or late MR (Jaeger 
et a1.,.1982). 

Peak 3. Peak 3 and later peaks or the tonic activity 
which may occur are not clearly related to the step load 
input. Peak 3 is also present in the spinal cat (Ghez and 
Shinoda, 1978), but seems to modulate only to a limited 
extent with different loads. It differs from the M3 of the 
monkey or human wrist in that peak 3 is consistently 
expressed only at high loads and shows as a discrete 
burst of EMG activity following peak 2. Most often in 
human subjects, the M3 is not discernible (see Fig. 10, 
human F. C. R. (flexor carpi radialis)), whereas in the 
monkey, M3 may often fail to occur, but when present 
arises from the falling phase of M2 (see Fig. 10, monkey 
F. C. U. (flexor carpi ulnaris)). Indeed, the EMG activity 
following perturbations at the primate wrist is best con- 
sidered as comprising two major segments which have 
been termed Ml and M2-3 (see bottom panel in Fig. 10; 
Lee and Tatton, 1982). The paradigm used in the present 
experiments does not allows us to draw any conclusions 
as to the relationship between peak 3 and the “postmy- 
otatic” response observed in man (Jaeger et al., 1982). 

Homologies and disparities in temporal relations between 
MCN and EMG activity 

In previous estimates of “loop times” through the 
motor cortex, we were limited to citing minimum times 
for afferent and efferent linkages (e.g., Tatton and Bruce, 
1976). The present “loop analysis” method allows us to 
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include a major proportion of possible times by using 
extreme range values and modal values for both the 
afferent (MCNs which may receive inputs from a variety 
of receptors via a number of pathways) and efferent (the 
majority of corticospinal fibers are included in the anti- 
dromically identified population with conduction times 
of 7 msec or less) limbs of the loop. We have made the 
assumption that the responding MCNs make up a pro- 
portion of the population identified by antidromic stim- 
ulation, since the same cortical volume was sampled in 
both cases. The study could have been extended by 
chronic implantation of electrodes in the pyramidal 
tracts, but it was recognized that the distribution of 
antidromic times for MCNs identified as projecting to 
the pyramids could be altered by the damage incurred 
during movements of the brainstem. 

The latencies of the excitatory MCN responses to 
imposed displacements ranged between 10 and 28 msec, 
the range for antidromic conduction times from C2 was 
1 to 7 msec, and the time from C2 to triceps activation 
was 4 to 5 msec. Thus, the minimum latency from step 
load onset at which a pathway traversing the motor 
cortex and descending in the corticospinal tract could 
alter triceps EMG activity is 15 msec. This would place 
the EMG activity on the falling phase of peak 1 (solid 
bars in Fig. 10) and, therefore, MCN activity could 
contribute to the “silent interval.” Similarly, the maxi- 
mum latency sums to 40 msec, barely enough time for 
descending activity to contribute to peak 2 (striped bars 
in Fig. 10). However, these are extreme values derived 
from a small proportion of the MCNs actually encoun- 
tered, and consideration of the modal values provides a 
more representative picture. 

Well defined modes (containing 33% and 22% of the 
responding neurons) were found for the excitatory re- 
sponse latencies of MCNs at 14 to 16 and 18 to 20 msec, 
and a single mode (containing 41% of activated MCNs) 
at 1 to 2 msec was found for antidromic conduction times 
from C2. (It was considered important to stimulate in 
the area of C2 because the corticospinal linkages to 
forelimb propriospinal neurons occur in this region 
(Grant et al., 1980).) Using the same summing method 
as above, we obtain values of 19 to 23 msec and 23 to 27 
msec as the most probable times at which the majority 
of MCNs in the receiving zone would influence EMG 
activity recorded in triceps brachii (open bars in Fig. 10). 
Taking these values, any activity contributed by a trans- 
cortical loop would occur during the first half of the 
“silent interval,” possibly during the falling phase of peak 
1, but far too early to have any influence on peak 2, 
which Ghez and Shinoda (1978) homologized with the 
M2 at the monkey wrist (see their Fig. 1). Recently, 
further support has been provided for the differences in 
cat and monkey “loop times” by E. E. Fetz and P. D. 
Cheney (personal communication) who showed, by the 
method of spike-triggered facilitation, that MCNs re- 
sponding to perturbations facilitate EMG activity at the 
appropriate latency to contribute to the M2 segment in 
the monkey. 

Conclusions 

In marked contrast to peak 2 in cat triceps, the second 
component of the EMG response at the monkey wrist 

appears to be appropriately timed to be influenced by 
activity in MCNs (schematized in Fig. 10, monkey 
F.C. U.)) as previously pointed out (Evarts, 1973; Tatton 
and Bruce, 1976; Tatton et al., 1978) and demonstrated 
with a different “loop analysis” technique by Chofflon et 
al. (1982). Two limitations could be argued in regard to 
the present study: (1) since they were measured in two 
different experiments, the responding MCNs and anti- 
dromically identified MCNs may represent different pop- 
ulations, and (2) corticospinal neurons with antidromic 
conduction times greater than 7 msec (conduction veloc- 
ities of 5 to 10 m/set) may be involved. Nevertheless, 
this approach has significantly improved over the pre- 
vious studies and, furthermore, analysis such as that 
reported here, carried out in other species and joint- 
muscle systems, may provide further explanations of the 
conflicting reports of presence or absence of long latency 
(M2-3) EMG segments following lesions which would be 
expected to interrupt a transcortical pathway in pri- 
mates. 

It is noteworthy that most of the studies which showed 
attenuated or abolished M2 peaks following motor cor- 
tical lesions were carried out in the distal limb of pri- 
mates (e.g., Marsden et al., 1977; Lee and Tatton, 1978), 
whereas those which reported no lesion effect utilized 
the proximal limb of monkeys (Tracey et al., 1980; Miller 
and Brooks, 1981) or cats (Ghez and Shinoda, 1978). 
Such proximodistal differences have recently been anal- 
zyed in the squirrel monkey forelimb, where a motor 
cortical lesion eliminated or decreased M2 activity in 
distal flexors, but not in proximal flexor muscles (Lenz 
et al., 1983b), in parallel with the finding that the pre- 
dominance of the M2 segment in the normal limb in- 
creased from proximal to distal musculature (Lenz et al., 
1983a). A clear understanding of the physiological basis 
of these responses is of crucial importance for: (1) the 
choice of an appropriate species for investigating a given 
aspect of motor control, (2) defining the pathophysiol- 
ogical events leading to movement disorders in man, and 
(3) quantitating the effectiveness of therapeutic regi- 
mens designed to ameliorate such disorders. 

To conclude, in our view the present study underlines 
the fact that Phillips’ (1969) original proposal of a trans- 
cortical reflex system was based upon studies of the 
monosynaptic cortico-motoneuronal connections for the 
distal upper limb musculature of primates and, conse- 
quently, studies showing the persistence of EMG seg- 
mentation in other species and/or joint-muscle systems 
following lesions which might be expected to interrupt 
the loop cannot be taken as adequate evidence to refute 
or to confirm that hypothesis. 
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