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Abstract  A descending volley in response to non-inva- 
sive transcranial magnetic stimulation has been record- 
ed from the pyramidal tract in a conscious monkey and 
identified by means of a collision test. The short latency 
of the earliest wave was inconsistent with a trans-synap- 
tically mediated activation of pyramidal tract neurones. 
Considerable variability in the size of this wave was seen 
in response to a constant stimulus, and isoflurane anaes- 
thetic was shown to depress it markedly. These results 
are consistent with direct activation of pyramidal tract 
neurones at a site close to the cell body. 
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Introduction 

The technique of transcranial magnetic stimulation 
(TMS) of the primary motor cortex has found extensive 
experimental and clinical uses since its introduction by 
Barker et al. (1985). It is generally believed that the short 
latency facilitation of electromyographic activity 
(EMG) in hand and forearm muscles produced by such 
stimulation is brought about by the activation of corti- 
cospinal neurones, some of which make monosynaptic 
cortico-motoneuronal (CM) connections in primates. In 
order to interpret the responses to TMS in man, it is 
important to determine its site of action, which is a mat- 
ter of considerable controversy. Different investigators 
have suggested either that the electric field induced in 
the brain by TMS activates the corticospinal cells di- 
rectly (Amassian et al. 1990; Edgley et al. 1990) or that 
instead intracortical elements are first activated and 
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these discharge the CM cells transynaptically (Amas- 
sian et al. 1990; Day et al. 1989). An important factor in 
determining the site of action appears to be the stimu- 
lating coil orientation relative to the head (Amassian et 
al. 1990). 

To date, the site of action of TMS has primarily been 
deduced either from the facilitation of muscle surface 
EMG activity or single motor units (Day et al. 1989), or 
from direct recordings of corticospinal volleys in anaes- 
thetised monkeys (Amassian et al. 1990; Edgley et al. 
1990) or human patients (Burke et al. 1993). Anaesthesia 
might be expected to have a profound effect on the dom- 
inant mode of activation, either by depressing synaptic 
function and so preferentially blocking indirect activa- 
tion or by hyperpolarising cells (Matsumura et al. 1988) 
so that they would fire only after summation of direct 
and later indirect excitation had occurred. The issue 
would therefore be better addressed by recording the 
corticospinal volley to TMS in a conscious primate. Ed- 
gley et al. (1990) provide the only such recording in the 
literature; however, this is obscured by a large stimulus 
artefact and is from an unidentified population of fibres. 
We here report such a recording in a conscious monkey, 
relatively uncontaminated by the stimulus artefact and 
identified by means of a collision test. 

Materials and methods 

Experiments were performed on a female, 2.9-kg Macacafascicu- 
laris monkey, trained to perform a lever-pull task for food reward. 
During two separate operations under full general anaesthesia 
and aseptic conditions, two fine tungsten electrodes (impedance at 
1 kHz 10-20 k~) were implanted in the pyramidal tract (PT) and 
two in the cerebral peduncle, together with a stainless steel head- 
piece to allow fixation of the head. A full programme of post-oper- 
ative medication was administered. Electrode location was con- 
firmed in three ways: (1) During the surgery a small craniotomy 
was made over the motor cortex, and a short-latency, antidromic 
field potential could be recorded transdurally following stimula- 
tion of each electrode. This craniotomy was sealed at the end of 
the surgery. (2) During recording sessions, stimulation between 
each of the two pairs of electrodes produced a short-latency facili- 
tation in hand muscle EMG activity similar to that described 
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previously (Lemon et al. 1986; Flament et al. 1992). (3) At the end 
of the experimental series, the animal was killed with an overdose 
of pentobarbitone sodium, perfused through the heart with saline 
followed by 10% formalin, and the position of the electrode tracks 
was examined histologically. The tip of the caudal pyramidal elec- 
trode was found to be located in the medullary pyramidal tract at 
the level of the facial nucleus and the rostral electrode, in the 
corticospinal bundles of the caudal pons; the inter-electrode dis- 
tance was 5 mm. The peduncle electrodes were located at the level 
of the rostral lateral geniculate nucleus (posterior electrode) and 
the rostral substantia nigra (anterior electrode). 

Magnetic stimuli were delivered using a Magstim 200 stimula- 
tor and figure-of-eight coil positioned over the cortex contralater- 
al to the limb performing the task. The coil was orientated at an 
incline of approximately 30 ~ to the skull surface, with the handle 
pointing anteriorly - a position chosen to optimise the stimulus 
artefact in recordings. The current direction in the central region 
of the coil was towards the handle, the reverse of that in standard 
Magstim figure-of-eight coils. Stimuli were either given periodical- 
ly every 3.2 s or triggered during task performance. Recordings 
were made differentially from the PT electrodes using a muted 
amplifier slightly modified from a published design (Millard et al. 
1992). The output of this amplifier was filtered d.c. to 40 kHz and 
digitised at 80 kHz for storage and display on a personal comput- 
er. The anterior PT electrode was connected to the inverting input 
of the amplifier. 

EMG recordings were routinely made from up to four intrinsic 
hand and forearm muscles using surface electrodes. Signals were 
amplified (gain 500-2 K), high-pass filtered at 30 Hz, and stored 
on magnetic tape for off-line capture into the computer (sampling 
rate 5 kHz), where averages of the rectified EMG activity were 
constructed. 

Fig. 1 A Volley recorded at the pyramid in response to stimula- 
tion of the peduncle electrodes (300 gA, 0.2 ms pulse shown sche- 
matically as P). The stimulus artefact can be clearly seen. The 
amplifier was not muted during this recording. Single sweep. (V 
negative inflexion of the volley). B Volley recorded at the pyramid 
in response to transcranial magnetic stimulation (TMS), 50% 
maximal stimulator output. Top trace is TMS delivered alone, 
others show responses to TMS when preceded by electrical stimu- 
lation through the peduncle electrodes (same parameters as A) at 
varying intervals, as marked on the left. Dotted lines show the 
measurement used to quantify the volley size. M start of stimulus. 
The amplifier was muted from 0.2 ms before point M until point 
G. Single sweeps. C Variation of volley amplitude with stimulus 
intensity, measured from averages of 20 sweeps. Stimuli were de- 
livered during task performance and timed to occur at the same 
point in each trial. Data recorded on a different day from A and 
B. D Variation with TMS intensity of EMG facilitation in three 
muscles, same series as C. 1DI first dorsal interosseous, FDS flexor 
digitorum superficialis, EDC extensor digitorum communis, % 
Mod percentage modulation, defined as the height of the facilita- 
tion peak in the average of rectified EMG above the baseline level, 
expressed as a percentage of that baseline 

Results and discussion 

T h e  t o p  t r ace  of  Fig.  1B is a t yp i ca l  r e c o r d i n g  f rom the  
p y r a m i d a l  t r ac t  of  the  vo l l ey  e v o k e d  b y  T M S .  F i g u r e  1A 
shows  the vo l l ey  r e c o r d e d  a t  the  p y r a m i d  fo l lowing  elec- 



Fig. 2 Effect of isoflurane 
anaesthesia on volley ampli- 
tude. Right panel shows the 
volley amplitude (mean of ten 
sweeps) as it varied through- 
out the experiment. Isoflurane 
(3%) inhalation anaesthetic in 
a 50:50 mixture of NO2:02 
was administered for 10.5 min 
over the period marked Iso. 
At the time marked Arousal a 
toe pinch was given and a re- 
flex response was obtained for 
the first time since the cessa- 
tion of anaesthetic administra- 
tion. Left panel shows the ap- 
pearance of the volley in 
means of ten sweeps, corre- 
sponding to the points 
marked on the right panel 
with arrows A, B and C. Top 
arrow indicates time 0.6 ms af- 
ter the start of the magnetic 
stimulus (TMS); 40% maxi- 
mum magnetic stimulator out- 
put used throughout 
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trical stimulation through the electrodes in the cerebral 
peduncle. A comparison of the two traces shows that 
the early part of the volley to TMS was probably ob- 
scured by the stimulus artefact. The onset of the volley 
to peduncle stimulation appears to be 0.15 ms before 
the inflexion marked V on Fig. 1A. The equivalent point 
V in Fig. 1B is 0.67 ms after the magnetic stimulus, im- 
plying that the latency of the pyramidal volley following 
TMS was approximately 0.52 ms. This value is very 
close to the onset latency of the antidromic field poten- 
tial recorded at the cortical surface to electrical stimula- 
tion of the pyramid during surgery, which was 0.58 ms. 
These latencies are therefore consistent with direct acti- 
vation by TMS of the cortico spinal tract at a cortical 
site. 

Evidence that the direct volley excited by TMS orig- 
inated from the pyramidal tract was provided by 
demonstrating that it could be made to collide with a 
suitably timed, prior electrical stimulus to the peduncle 
electrodes. This is illustrated in Fig. lB. Only the volley 
to TMS is visible in this figure, as the peduncle volley 
would have fallen during the time when the amplifier 
was muted, or before the start of the sweep. When the 
peduncle stimulus preceded the TMS by 0.4 ms, the vol- 
ley amplitude was substantially reduced. As the interval 
between the two stimuli was increased, the volley recov- 
ered, until it had returned to its control size at an inter- 
val of 1.8 ms. This relatively brief collision interval is 
comparable with that found by Edgley et al. (1990) when 
the corticospinal volley evoked by TMS was recorded 
from the spinal cord and collided with electrical stimuli 
delivered to the pyramid. The incomplete collision of 
the volley at short interstimulus intervals is probably 
due to sub-maximal activation of the pyramidal fibres 
by the peduncle electrodes, which were stimulated with 
the maximum current which they would pass (300 gA). 

Similar results were obtained in all seven experimental 
sessions where a collision test was attempted. 

In addition to the early direct (D) wave, later waves 
were seen in some experimental sessions. When present, 
they were small (around 10% of the size of the D wave), 
and could only be clearly discerned in means of 20 
sweeps or more. The latency of the first such late wave 
was 3.1 ms to the first negative inflexion, making the 
interval between it and the D wave approximately 
2.4 ms, a value in agreement with Edgley et al. (1990). As 
noted by Amassian et al. (1990), when the electrodes are 
close together and the recorded action potentials have a 
biphasic shape, some cancellation of potentials will oc- 
cur in the multi-unit recording; cancellation may be 
greater for late waves, since their trans-synaptic origin 
will mean that the individual components of the wave 
are more temporally dispersed. This could explain the 
small size of the late waves in these recordings. 

Figure 1C shows how the height of the D wave 
evoked by TMS varied with different stimulus intensi- 
ties. It can be seen to follow an approximately sigmoidal 
saturation function. At the highest intensity shown 
(55% of maximum stimulator output), it is likely that 
the stimulus artefact began to overlap the negative in- 
flexion of the volley (V in Fig. 1B), causing the apparent 
reduction in height observed for the 55% point in 
Fig. 1C. Figure 1D shows the size of the short-latency 
response of three muscles (measured as the percentage 
modulation of the background EMG) as a function of 
stimulus intensity for the same experimental run as 
Fig. 1C. A comparison of Fig. 1C and 1D shows that the 
threshold for the D wave is lower than that for a de- 
tectable EMG facilitation, but that both D wave ampli- 
tude and EMG facilitation saturate at around 50% of 
maximum stimulator output. This implies that the in- 
creasing EMG response is at least partly accounted for 
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by an increasing D wave for the entire range of stimulus 
intensities up to saturation. The latencies of the muscle 
responses were 6.8 ms for the first dorsal interosseous 
(1DI), 6.1 ms for the flexor digitorum superficialis (FDS) 
and 5.4 ms for the extensor digitorum communis (EDC). 

As illustrated by Fig. 1B, the signal-to-noise ratio in 
these recordings was high, so that all features of the D 
wave could be seen in single sweeps. The size of the 
wave, however, showed considerable variability from 
sweep to sweep. During the session from which the data 
in Fig. 1B were taken, stimuli were delivered whilst the 
monkey performed the task, and the D wave amplitude 
ranged from a minimum of 236 pV to a maximum of 
362 pV, with a mean of 294 gV, (S.D. 17.5 pV) this was 
considerably larger than the amplifier noise standard 
deviation of around 5 gV. Similar variability was seen 
during other sessions. Such variability is consistent with 
suggestions (Edgley et al. 1990) that the volley is pro- 
duced by activation at or close to the initial segment of 
the pyramidal tract neurones, where that the probabili- 
ty of firing is dependent on the level of excitatory drive 
to the cell at the moment the stimulus is delivered 
(Brooks and Eccles 1947). This would be expected to 
produce a more variable volley than if corticospinal ax- 
ons were stimulated deep to the cortex. 

General anaesthesia produces a reduction in cortical 
activity and hyperpolarisation of pyramidal tract neu- 
rones (Matsumura et al. 1988); anaesthetic might there- 
fore be expected to depress a D wave initiated close to 
the cell soma. The results of an experiment which tested 
this prediction are shown in Fig. 2. The monkey was 
first sedated with an intramuscular injection of ke- 
tamine hydrochloride (10 mg/kg). Following this, a large 
volley could still be recorded, consistent with reports 
that EMG responses to TMS can be obtained in both 
monkeys and human patients sedated with ketamine 
(Ghaly et al. 1990; Kothbauer et al. 1993). General 
anaesthesia was then induced by inhalation of 3% 
isoflurane in a 50: 50 02: N20 mixture; this dramatically 
reduced the volley amplitude to around one fifth of its 
control value within 5 rain. Following the cessation of 
the anaesthetic, the volley remained at this depressed 
level for approximately 5 min, and then recovered slow- 
ly. At the time indicated by the arrow on Fig. 2 
("Arousal"), a toe pinch was given to test the depth of 
anaesthesia; this elicited a reflex response for the first 
time since withdrawal of the anaesthetic. As can be seen, 
there was also a powerful but transient facilitatory effect 
on the volley, before it returned to the previous slow-re- 
covery curve. The volley produced by electrical stimula- 
tion of the electrodes in the cerebral peduncle showed 
no comparable changes with anaesthesia. 

In conclusion, this experiment demonstrates for the 
first time in a fully conscious primate that TMS evokes 

an early wave of descending activity which can be 
recorded from the pyramidal tract and identified as cor- 
ticospinal in origin. The short and consistent latency of 
this volley, the variability in its amplitude with succes- 
sive stimuli and its sensitivity to anaesthesia and arousal 
all suggest that, for the coil type and orientation used, 
this volley originates at or close to the cell bodies of 
pyramidal tract neurones. 
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