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Olivier, E., S. N. Baker, K. Nakajima, T. Brochier, amd R. N,
Lemon. Investigation into non-monosynaptic corticospinal excitation of
macaque upper limb smele motor wuts. J MNewrophysiof 86: 1573-1586,
2001. There has been considerable recent debate as to relative mnpor-
tance, m the pnmate, of propriospinal transnussion of cotticospinal ex-
citation to upper imb motoneurons. Previous studies in the anesthetized
macaque monkey suggested that, conpared with the cat, the transnussion
of such excitation via a system of C;—C, propriospinal neurons may be
relatively weale However, it is possible that in the anesthetized prepara-
tion, propiiospinal transnugsion of cortical inputs to motoneurons may be
depressed. To address tlus 1ssue, the cmrent study mvestigated the re-
sponses of single motor wits (SMUS) to corticospinal inputs i either
awake (1 = 1) or ightly sedated (z = 3) macaque monkeys. Recordings
i the awalce state were made dunng performance of a precision grip task.
The responses of spontaneously discharging SMUs to electiical stinwla-
tion of the pyranudal tract (PT) via chronically mplanted electrodes were
examined for evidence of non-monosynaptic, presumed propiuiospinal,
effects. Single PT stunuli (up to 250 pA; duration, 0.2 ms, 2 Hz) were
delivered duning steady discharge of the SMU (10-30 mup/s). SMUg
were recorded from muscles acting on the thumb (adductor pollicis and
abductor pollicis brevis, m = 18), wrist (extensor carpi radialis, ;1 = 20)
and elbow (biceps, 1 = 9). In all SMUs, the poststunulus time nstograms
to PT shmulation consisted of a smgle peak at a fixed latency and wath a
buef dwration [0.74 + 025 (SD) ms, # = 356], consistent with the
responses being mediated by monosynaptic action of cortico-motoneu-
ronal (CM) impulses. Later peaks, indicating non-monosynaptic action,
were not present even when the probability of the mutial peak response
was low and when there was no evidence for suppression of ongoing
SMU activity followmng this peak (2 = 20 SMUs). Even when repetitive
{double-pulse) PT stinwli were used to faciitate transmission through
oligosynaptic linkages, no later peaks were obzerved (16 SMUz). In some
thumb nwscle SMUs (1 = 8), responses to PT stunulation were com-
pared with those evoked by transcranial magnetic stinwlation, using a
figure-eight coil held over the motor cortex. Responses varied according
the ortentation of the coil: m the latero-medial position, single peak
responses sinular to those from the PT were obtained; their latencies
contimed direct excitation of CM cells, and there were no later peaks. In
the posterio-anterior orientation, responses had longer latences and con-
sisted of two to three subpeaks. At least under the conditions that we have
tested, the results provide no positive evidence for transmussion of cor-
tical excitation to upper limb motoneurons by non-monosynaptic path-
ways in the macaque monkey.

INTRODUCTION

The corticospmal tract repregents the major output pathway
linking the motor areas of the cerebral cortex to the spinal cord.

The tract makes widespread termmations throughout the spmal
eray matter, including direct cortico-motoneuronal (CM) con-
nectiong to gpinal motoneurons (Amand 1982; Armand et al.
1997; Dum and Strick 1996; Kuypers 1981). CM connections
appear to be a feature unique to primates and are particularly
well developed in the more dextrous species (Bortoff and
Strick 1993; Maier et al. 1997; Nakajina et al. 2000; Porter and
Lemon 1993). However, the termination of many corticospinal
fibers m the spinal gray matter beyond the motor nuclei sug-
gesty that the corticospinal tract may control motoneurons
through other, non-monosynaptic pathways operating in paral-
lel with the CM pathway (Lundberg 1992).

One such possible pathway 1z the Cs—C, propriospmal sys-
tem, which hasg been extensively studied in the cat and which
has been gshown to transmit corticogpmal excitation to forelimb
motoneurong (Illert et al. 1978 see Alstermark and Lundberg
1992). The basic organization of the CM and propriospinal
gystems 1¢ shown in Fig. 1. In the cat, the C,—C, system
provides an important mtegrative system for motor commands
originating from the cortex, superior colliculug, red nucleus,
and reticular formation (Alstermark and Lundberg 1992; Bald-
1ssera et al. 1981).

Recent mvestigations by Maier et al. (1998) and Nakajima et
al (2000) found that transmission of corticospmal excitation to
upper limb motoneurons via C;—C, propriospinal neurons in
the chloralose-anesthetized macaque monkey wasg rather un-
common. These studies emphasgized major differences between
gpecieg in the organization of the corticogpinal system: we
pointed out that in the macaque monkey, with a well-developed
CM system, C;—C, propriospinal excitation of motoneurons
wag uncommon, whereas i the squirrel monkey, with rather a
weals CM projection, such excitation was stronger and more
common. We also speculated that in humans, particularly
gtrong and ubiquitous CM connectiong may have subsumed
gome of the key functiong caried out by the propriospinal
gystem in other species such as the cat. However, the situation
remaing uncertain because the animal studies were all carried
out under general anesthesia, which may selectively enhance
transmission through direct pathways while oligosynaptic
trangmisgion may be depressed. Indeed one explanation for the
paucity of propriospinal-like effects in the chloraloze-anesthe-
tized macaque has been that the relevant C,—C, mterneurons
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FI3. 1. Testing corticospinal projections in the macaque monkey. Highly
schematic diagram of the corticospinal projections influencing cervical mo-
toneurons in the macaque monkey and the methods used to study them.
Projections originating in cortical motor areas cross the midline (---) and
project to the cervical enlargement (segments C;—Th,) where they make direct
monosynaptic connections with motoneurons and with inhibitory intereurons
(IM). There 1z also the possibility (7) that corticospinal cellaterals in the C;-C,,
segments excite propriospinal neurons (PIT). These PIT project monosynapt -
cally onto motoneurons and also have an ascending axon collateral to the
lateral reticular nucleus in the brain stem. The corticospinal system was
activated either via shmulating electrodes implanted in the medullary pyrami-
dal tract (3tim) or noninvasively using transcranial magnetic stimulation
{THL3Y. Effects on motoneurons were assessed by recording of single motor
units from a wariety of upper limb muscles.

I

C6-Th1

are under gome form of inhibition in thig preparation (Alster-
mark et al. 1999).

In the experiments reported here, we have recorded the
responges of single motor units (SMUg) i hand and arm
muscles to single stimuli delivered directly to the corticospinal
tract via electrodes chronically implanted m the medullay
pyramidal tract (PT: see Fig. 1). Becauge recordings were made
from monkeys in either the awake or lightly sedated state, any
effects of general mesthesia were avoided. To enhance trans-
migsion through oligosynaptic pathways, we also tested double
PT stumuli. In addition, we compared responses of the same
SMTU to PT stunulation and to transcranial magnetic stunula-
tion (TMS) over motor cortex, using either a latero-medial coil
orientation, which directly excites corticogpinal neurons or a
postero-anterior orientation, which excites them indirectly (di
Lazzaro et al. 2001; Werhahn et al. 1994). These results can be
compared directly with studies caried out m human subjects
(de Noordhout et al. 1999, Pierrot-Desilligny 1996).

All SMUg tested showed single, brief regponse peaks to both
PT stimulation and TMS m the lateromedial orientation. Later
peaks, possibly resulting from non-monosynaptic actions were
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not geen even with double PT stimuli. Thug it would appear
unlikely that the lack of non-monosynaptic excitation revealed
i our previous studies of the macaque monkey (Maier et al.
1998; Nakajima et al. 2000) was the result of depression by
general anesthesia. The findings offer no positive evidence for
the transmiszion of cortical excitation by such pathways in the
macacque and indicate that thig form of excitation may play
only a minor role in the cortical control of upper himb mo-
toneurons, at least under the conditions we have been able to
test.

A preliminary account of these results hag been published
(Lemon et al. 2000).

METHODS
Monkeys

Recordings were taken from three purpose-bred female macaque
monkeys. In one Macaca nemestring (monkey 29, 6.0 kg body wt)
recordings were made from intninsic hand muscle SMUs during
performance of a precision grp task. Further recordings were made
from two M. mudatta (monkey 32, 5.3 kg and mankey 33, 5.0 kg) under
light sedation with ketanune (5 mg/kg 1m).

Behavioral task

The precision grip task (Lemon et al. 1986) required the monkey to
posttion 1ts thumb and index finger on two fixed levers about 25 num
apart and to exert a steady 1sometric force of around 1.0 N on each of
them. The forces exerted were registered by sensitive strain gauges
attached to the levers. A tone indicated to the monkey when both
finger and thumb forces were in target; successful trials were re-
warded with small pieces of fruit. In some sessions, thenar muscle
surface electromyographic (EMG) activity was rectified and smoothed
and used as a biofeedback signal to control the “in target™ tone signal;
the levels were then set so as to encourage the monkey to adopt a
contraction level appropnate for steady discharge of the sampled
SMU.

Implant of PT-stinmudating electrodes

Each monkey underwent an operation for implantation of a stain-
less steel headpiece (for head fixation) and pyranudal tract shumulating
electrodes. Surgery was carmied out after mduction with 10 mg/ke
ketamine intramuscularly and maintamed with 2-2.5% isoflurane in a
50:50 nuxture of O N,0O. Two fine epoxy-insulated tungsten wire
electrodes (tip impedance, 1020 k{) at 1 kHz) were positioned in the
medullary pyranuds, at stereotaxic coordinates A3 and P2 and 1.0 nun
from the nudline. Their location was confirmed during the implant by
stimulating and recording the antidromuc field potential from the
surface of the ipsilateral motor cortex. The final position of each
electrode was adjusted to obtain the lowest possible threshold for the
antidronme volley {range, 20-30 pA). Atter surgery, antibiotics (20
mg/kg 1m terramyein LA, Phizer, Sandwich, Kent, UK) and an anal-
geste (buprenorphine hydrochloride 5-10 pe/ke un Vetergesic, Rec-
latt and Colman, York, UK) were adnumstered. Monkey 29 underwent
a terninal experiment under deep general anesthesia (see Marer et al.
1998 for details) during which it was confimed that stimulation
through the PT electrodes evoked a large orthodromic volley 1 the
corticospinal tract, recorded from the surface of the dorsolateral
funiculus. At the end of the experiment, monkeys were killed by an
overdose of general anesthetic (pentobarbital sodium, Nembutal, 80
meg'ke 1p) and pertused through the heart. The location of both
electrode tips 1n the PT was confimed lustologically in all three
monkeys. All procedures were carried out under appropriate licences
from the UK Home Office.
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Experimental protocol

AWAKE MONKEY. EMG end SMU recording. A pair of surface
EMG electrodes was placed over the thenar mwuscles. For SMU
recordings from adductor pellicis (AdP), the method described by
Lemon et al. (1990) was adopted. In brief, pawrs of fine (25 pm)
nylen-insulated nucrowires (Karma wire, Californian Fine Wire) were
cut across at the tip to produce a selective recording electrode (tip
mpedance typically 1 M€ at 1 kHz) and mtroduced mto the AdP
muscle using a single sterile 27 gauge needle, wlich was then 1mme-
diately removed. Signals were amplified and high pass filtered at 1
lHz using Neurclog modules {Digitimer, Welwyn Garden City, UK)
and sampled at 10 kHz wsing a CED 1401plus terface (CED,
Cambridge, UK). In most experimental sessions, 1t was possible to
record stable SMU action potentials during the hold peried of the task
{Lemon et al. 1990). The precise ortentation of the mampulandum was
adjpusted until steady discharge (20-30 imp/s) of one clearly diserim-
mable SMU was obtamned.

PT stimudation. At the beginmng of each recording session, the
monkey's head was restrained by metal bars fixed to the implanted
headpiece. A constant current stumulator was comnected to the elec-
trodes through a fast relay device, and PT stimuli of 0.2-ms duration
and up to 250-pA mtensity were delivered during the steady hold
period of the task. The terminal experiment in this monkey demon-
strated that with the electrode configuration used, an mtensity of
around 250 pA was necessary to activate all the fastest corticospinal
fibers. Tlus was shown by saturation of the fast-conducting volley
with stumuli above this intensity (see Mater et al. 1997).

Transcranial magnetic stimudation. A small figure-eight coil (out-
side diameter of each coil, 70 mum) was ngidly fixed with its central
regron over the motor cortex contralateral to the perfornung hand.
Stimuli were delivered using a Magstim 200 stimulator (2.2 T max-
mum magnetic field; Magstim, Dyted, UK). Imtally, the central
region of the coil was positioned such that uutial current flow 1n the
co1l wag from lateral to medial (LM onentation); current mduced in
thus way 1s most effective for direct activation of corticospinal nevrons
i motor cortex hand area (see Werhahn et al. 1994). The final coil
position wag adjusted to optinuze the amplitude of the short-latency
thenar EMG response. Recordings were alse made with the coil center
positioned over the same point but with the central region onentated
guch that the 1mtial coil current Howed from posterior to anterior (PA
ontentation), wluch activates corticospinal neurons indirectly (Wer-
haln et al. 1994). Just before TMS delivery, the relay device con-
nected to the PT electrodes was activated so as to isolate them and
prevent induction of currents through them.

Timing of stimuli relative to SMU discharge. The tinung of stimuli
was manually controlled on a trial-by-trial basis: whenever the SMU
of interest had been discharging at a steady rate for a few hundred
nulliseconds, TMS was delivered at a rate of 0.3 Hz until the SMU
stopped fiing. Interleaved with TMS, single stimuli were delivered to
the PT at a rate of 2 Hz, beginmng 500 ms after the first TMS pulse
and ending 500 ms before subsequent TMS pulses. In tlus way, the
effect of TMS and PT stunulation could be tested on the same
segment of SMU activity. Between 50 and 200 stunuli at a given
wtensity were tested (PT or TMS). For some SMUs, it was possible
to test a range of TMS mtensities.

SEDATED MONKEVS.  SMU recordings. These were made from mus-
cles acting on the thumb (adductor pollicis, AdP and abductor pollicis
brevis, ADPB), wiist (extensor carpi ulnaris radialis, ECR) and elbow
{(biceps), using a 26-gauge needle bipolar needle electrode contaimng
two 50-pm msulated stainless steel wires, each having an impedance
of around 0.5-1 M{) at 1 kHz (Bawa and Lemon 1993). With the low
dose of ketamine given, there was considerable muscle tone present,
and the steady fining rate of the selected SMU could be maintained by
etther cutaneous or proprioceptive manipulation (brushing or squeez-
ing the skin, bending joints, etc). Throughout each experimental run,
the precise form and amplitude of the action potential was carefully
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meomnitored using a digital storage oscillescope and audio amplifier to
ensure that records were made from the same SMU.

FPT stimuidarion. Stimuli (duration, 0.2 ms) were delivered at 1 Hz
wlile the SMU was discharging at a regular rate. Intensities of
between 40 and 150 pA were tested. In monkey 35, SMUs were tested
with both single and pared PT stimuli (inter-stunulus mterval 3 ms).

Analysiz

The difficulty of obtaining stable recordings from SMUs 15 well
recogmzed, especially m awake behaving animals. We took particular
care to ensure that our analysis was based on reliable recordings from
only one SMU. We usged custom-written spike software (Getspike, SN
Balker) to discrinunate the potentials generated by a single umt. Tlus
process first displayed five sets of superimposed potentials, discrim-
mated by crossing a preset voltage/time threshold and selected at
random from five different sections of the total spike tramn (Fig. 2.4).
The sinuilanity of the discrinunated waveforms in tlus display was then
confirmed using principle component analysis and cluster cutting
techmques (Eggermont 1990) to select the population of waveforms
most likely to belong to a given SMU (Fig. 25). We then exanuned
the interval lustogram of the discrinunated events that this analysis
cenerated (Fig. 2C) to confirm that there were no physiologically
mmplausible short intervals: the presence of such intervals 1s a clear
mdication that events from more than one SMU have been discrinu-
nated. Peni-stimulus tune histograms (PSTHs) of SMU discharge were
constructed for TMS and PT stimuli, vsing a 0.2-ms binwidth (Fig.
2E). Each sweep was also checked by hand to ensure that the SMU of
mterest could be clearly identified (Fig. 20). We included in the
analysis only these sweeps in which there was steady discharge of the
unit for the last 200 ms before shmulus delivery (see Fig. 3.A4); tlus
ensured that the excitability of the motoneuron was comparable across
all sttmulation protocols. The discharge times of all 1dentified SMU
discharges 1 the pertod 50 ms before and after the stmulus were
measured either by hand or using Spike2 software (Cambnidge Elec-
trome Design). We measured the entire duration of the response peak
n the PSTH (not its half-width); the onset and offset of the peal were
determined from the cumulative sum (CUSUM) (Ellaway 1978) (see
Figs. 3-5). Mean latencies and response peak durations are given
together with + SD.

RESULTS

Responges to PT stimulation were recorded m 56 SMUs that
met all the strict criteria for well-discriminated SMUs. Nine
AdP SMUs were mvestigated m the awake monkey (morkey
29); eight of these were also tested with TMS (7 responded to
LM and 6 to PA orientation). In the sedated monkeys, a further
9 SMUsg were recorded from either AdP (6) or ALPB (3) i
monkey 32, ag well ag 13 SMUg from ECR and 9 from biceps.
In morkey 35 16 SMUs were recorded from ECR.

Responses to FT stimulation

COMPARISON BETWEEN THE AWAKE AND SEDATED CONDITIONS
Figure 34 illustrates a single-sweep recording from the awalke
monkey. It shows delivery of a smgle PT stimulug during
steady dizcharge of an AdP SMU at around 20 unp/s. The
PSTH (binwidth ot 0.2 mg) and CUSUM of this unit’s response
to 104 PT stunuli are given in Fig. 3B, The inset shows five
superimposed sweeps of the responding SMU to illustrate the
gtability of the recording. The stimulug mtensity (100 pA, 0.2
mg) wag adjusted go ag to produce a low regponge probability
(P = 0.16). The responge consisted of a single, brief peak with
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FIG. 2. Method used for discrimination of single motor units (SMUs). A 5 sets of superimposed motor unit action potentials

(IMTAPS) recorded from abiceps ST in asedated monkey. MITAP: were discriminated using atime-voltage threshold These WMITAPs
are taken from different sections of a 312-s-leng recording of the MU and were selected at random. MNote the reproducibality of the
WITAP: throughout. B principle component (PC) analysis of the waveforms to identify clustering of 2UAP: from the same SKUT. In
this case, the 1st principle component has been plotted against the peak-to-peak woltage of the potential;, this plot allewed complete
discrimination from the SMIUT (circled) from other recorded signals (mainly stimulus artifacts, at upper right). The circled cluster was
admitted for analysis. O interval histogram of the SMU s discharge, MNote absence of spuriously short intervals (less than 10 ms). D
superimposition of 20 sweeps showing response to pyramidal tract (PT) stimulation {at fme O, 85 pd) Mote that the SWIUT was firing
spentaneously before PT stimuli were delivered and these evoked a highly synchromzed short-latency response at 5 ms. & pen-simulus
time histogram of the SMIU to 120 PT stimuli (85 pd) Binwidth, 0.2 ms; response probability, 0,17,

an ongset latency of 12.0 ms. The duration of the peak was only
0.8 mg. There wag no evidence of later excitatory peaks. The
CUSUM shows that there was no guppression after the nitial
peak that might have masked any later peaks

Figure 3C shows the response of an SMU m another thenar
muscle (AbPB), but this time recorded in a monkey under light
gedation (monrkey 32). The recordmg stability was better than
in the awake monkey, and thiz allowed a larger number of
stimuli (7 = 444) to be tested. Thiz SMU fired at around 30
mp/s during PT stimulation. Once agam, the PSTH shows a
smgle peak with a sharp onget latency and brief duration (1.2
ms), with a low response probability (2 = 0.12), and there was
no sign m the CUSUM of any postpeak suppression. Compar-
igon of Fig. 3, B and ) suggests very similar responges n both
the awake and szedated state for thenar SMUTg. There was no
gignificant difference in the mean duration for the nine thenar
SMUs tested m the awake monkey and for the eight tested in
the sedated monkeys (0.93 + 040 and 0.86 + 021 ms,
respectively, #~test, P = 0.31). The distribution of peak re-
gponge durations i all SMUg 12 ghown i Fig. 7,4 (awake) and
B (sedated). The onget latencies for the responses were on
average slightly shorter in the sedated monkeys (11.1 = 2.0

ms} than m the awake one (13.0 ~ 1.7 msg), a difference that
was just significant (#test, P = 0.046).

SMU RESPONSES IN DIFFERENT MUSCLES. Examples of SMU
recordings talcen from biceps, ECR and AbPB are shown in
Fig. 4, A-C respectively. All were recorded from the same
monkey (3Z) under sedation. The PT stimulation intensity
(50-55 pA) was agam adjusted to give a low response prob-
ability (—0.1). The responses all have a very similar form: a
smgle, brief peal at a fixed latency. In both the biceps and ECR
unitg, the regponses peak was followed mmediately by a
period of suppression. The mean duration of the regponse peal
for all thenar SMUs (0.91 ~ 0.32 ms, # = 17) was zignificantly
longer than that for ECR + biceps (0.66 ~ 0.17 ms, # = 35,
t-test, P < 0.001). All SMUg had a gmilar low response
probability (mean: 0.13 ~ 0.01, x = 56). Mean onset latencies
were 12.0 = 2.0 ms for thenar muscles (2 = 18), 7.8 ~ 1.9 ms
for ECR (n = 29), and 6.2 = 0.9 ms for biceps (z = 9). These
mainly reflect differences m peripheral conduction distance
from gpinal cord to the sampled mugcles.

Of the 56 SMUg recorded, 20 (11 thenar, 8 ECR. 1 biceps)
showed no evidence of any suppression of discharge after the
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Fg. 3. Comparison of SMU responses to
PT stimulation in awake and sedated mon-
keys. A thenar muscle (AdP) SMU recorded
it a motikey while performing the precision
grip task, This ST was firing at about 20
Hrz when the PT stirnulus (100 pd; duration,
0.2 ms) was given (vertical detted line). 5.

- 15
peri-stimulus time histograms (PETH, filled
- 10 bins) computed from the same ST in re-

sponse to PT stimulation (x = 104). Bin-
- 5 width: 0.2 ms; peak onset latency: 12 ms;
duration: 0.8 ms, response probability F =
o 0.16. PSTH scale (counts per bin) is shown
ot the left Insefs: 5 superimposed NITAPs

Counts Per Bin
-]
3
-]

124 p=0.12
10 4
8-
64
4-
2-

0 -
0 10 20

-5 from the SMTU. The cumulative sum
(CUSTUMD is superimposed on the PETH,
10 cale on the right. @ PSTH for a thenar
Wme  (ARDPE) unit recorded in another monkey
under light ketamine sedation (z = 444
Binwidth: 0.2 ms; PT intensity: 50 ph; peak
onset latency: 2.8 ms, duration: 1.2ms, F =

- 70 0.12.

main peak. The responses m these SMUs also consisted of
gingle peals of brief duration (mean: 0.8 = 0.24 ms) with no
evidence of later peaks. In the remaining 36 SMUg, the initial
response peak wag followed by suppression of discharge last-
ing between 3 and 35 ms, which could have masked subse-
quent excitatory peaks.

EFFECT OF PT STIMULATION INTENSITY. Figure 5 shows re-
gponges of an AbPB SMU recorded m a sedated monkey in
which the effects of different intensities of PT stunulation were
tested. The background discharge rate of the SMU was around
12 mmp/s; the threshold for excitation of thiz SMU lay some-
where between 40 pA (Fig. 534, no clear response) and 50 pA
(Fig. 5B, response present). The response was stronger at the
higher mtensities used (55 and 75 pA: Fig. 5, O and D,
respectively), but the duration of the peak was unchanged.
Weal suppression of SMU discharge was already present at 40
pA (Fig. 54) and became steadily more prolonged with higher
intengities. Similar results were obtained in a further 14 SMUzg
tested with two or more intensities.

RESPOMNSES TO PAIRED PT STIMULL In the anesthetized prepa-
ration, it 18 neceggary to uge repetitive PT stimuli to ensure
transmission of corticogpinal excitation to motoneurons

through the oligosynaptic propriospmal pathway (Illert et al.
1978; Maier et al. 1998; Nakajima et al. 2000). We reasoned
that even without the depressive effect of general anesthesia,
gingle PT stimuli might be meffective n bringing significant
numbers of PNz to dizcharge, in which caze no PN-mediated
late excitation of SMUs would be seen. We therefore tested 16
ECR SMUs recorded i monkey 35 with pairs of PT stimuli,
using an inter-stimulug interval of 3 ms. PSTHs from two
SMUs are shown in Fig. 6, A7 and A2, and in Fig. 6, B/ and BZ,
respectively. A number of mteresting features can be dis-
cemed: the SMUs showed a clear response to both the first and
gecond stimulus with identical latency. There was no evidence
for either broader or additional peals after the second stimulus:
the duration of the peaks was identical. Fmally, the responge to
the gecond stimulug had a higher probability than the first. This
occuired despite the postpeak suppression of discharge that
occured after a single stimulus; thig ig particularly noticeable
for the SMU shown in Fig. 65, For the 16 ECR SMUs tested
with double PT stunuli, there was no significant difference
between the duration of the first and gecond response peaks
(meang 0.61 +~ 0.2 and 0.65 ~ 0.19, respectively, pawed ¢-test,
P = 0.57). The distribution of second peak durations is shown
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in Fig. 7C The mean probability of the first and gecond peaks
wag 0.12 = 0.06 and 0.13 + 0.03, respectively.

Responses to TALS

Figure 8 shows the responses of an AdP unit recorded m
the awake monkey during performance of the precision grip
task. Thiz SMU was tested with several different intensities
of TMS with the coil in the LM orientation. The SMU fired
at a steady rate of about 30 mnp/g for zeveral hundred
milligecondsg before delivery of TMS. The PSTHx all show
ashort single responge peak at just under 12 mg, followed by
a suppresgion of gpontaneous SMU discharge. At the lowest
intengity tested (14% maximum stimulator output, MSO),
responge probability was low (2 = 0.2), but a clear peak
with a duration of 1 ms can be seen (Fig. 84). Raising the
mtensity steadily increased the response probability (Fig.
8D}, which rose to 0.55 at 16% (Fig. 88) and to 0.78 at 20%
MSO (Fig. 8C). There were no changes m either latency or
duration of the regponse over the range 14-25% MSO (Fig.
8, E and F). Thig result wag repeated for all five SMUz
tested with different intensities of TMS.

Comparizson of responses to TMS and PT stimulation

Figure 9 compares responses of the same AdP unit to TMS
and to dwect stimulation of the PT (100 pA). The latter
produced a smgle, brief response peak with a sharp onset
latency of 10.9 ms and shoit duration of 0.6 ms (Fig. 94). The
response probability of this peak was low (0.15), and there was
no evidence for later excitatory peaks nor of any obvious
postpeak suppresgion. TMS in the LM orientation also pro-
duced a gingle, brief response with a duration of 1.0 ms (Fig.
98). Thig response had an onset latency of 11.2 ms, 0.3 ms
longer than that from the PT (dashed vertical line). Suppression
wag evident after this mitial peak. With the coil in the PA
orientation (Fig. 97, a quite different pattern of response was
obzerved, with three separate peaks, each having a duration of
around 1-1.4 ms. The first peak had an onget latency of 14 ms
1.e, 2.8 mg later than that m the LM orientation. The third peal
wag followed by suppression of discharge.

Figure 90 summarizes the findings for those AdP units
tested with both TMS and PT. To remove variation m latency
acrosg SMUsg due to differences m the location of the intra-
musgcular electrode (gee Lemon et al. 1990), the timing of the
responses was normalized to that obtaimmed with PT stumulation,
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by subtracting the onset latency to PT stimulation from the
TMS response latency. Thus the PT response would appear at
0 ms m Fig. 90, All SMUs respondmg to TMS (z = 7) showed
a smgle briet peak with the LM orientation, and there was little
difference m the duration of the excitatory responsge compared
with that from the PT (PT: 0.93 = 0.4 mg TMS: 1.05 + 0.34
mg). The TMS regponges occwred, on average, 0.5 = 0.2 ms
later than that from the PT. In contrast, the PA orientation (n =
6 regponding SMUsg) usually produced a much more variable
response pattern, with 1, 2, or 3 response peaks, which had
longer latencies and total duration than the LM response. For
the PA orientation, the mean latency difference from the PT
responsge was 3.9 = 1.1 ms. The mnterval between the different
subpeaks, when present, was around 1.5 ms. The threshold for
evokmg responses for the PA orientation was always higher
than that for the LM response: for example, Fig. 9 shows that
an mtensgity of 16% in the LM orientation produced a similar
level of regponge probability to 40% in the PA orientation.

DISCUSSION

The important conclusion resulting from thiz study iz that
macacue upper limb SMUg show brief regponsge peaks to both
PT stimulation and TMS (LM orientation) consistent with

monosynaptic, cortico-motoneuronal activation of the parent
motoneuron. These SMUs showed no sign of any later peaks
that might be expected if there were significant transmission of
corticospinal excitation of meotoneurons through non-mono-
synaptic pathways. Qur sample of SMUs offers the unique
opportunity of comparmng responses to TMS with those evoked
from dwect stimulation of the PT. Interpretation of the motor
etfects produced by TMS is often complicated by its repetitive
activation of the corticospmal gystem. It generates a succeszion
of direct and indirect wavesg (Day et al. 1987, di Lazzaro et al.
1998; Edgley et al. 1997, Rothwell et al. 1991), and it 1
therefore difficult to be certamn about the origin of motor
responses or reflex facilitation that occur after the mitial,
presumably monosynaptic component. Such later responses
could regult from the later arrival of I waves from the cortico-
gpmal tract, ag hag been widely agsumed (Day et al. 1989,
Olivier et al. 1995), but could alzo be due to non-monosynaptic
excitatory action mediated by propriogpinal neurons (see Pau-
vert et al. 1998).

In thig study, we found SMU responses were highly consis-
tent from one SMU to another, and the response characteristics
of unitg m thumb muscleg, a wrist extenzor (ECR), and elbow
flexor (biceps) to be remarkably similar. Regponses to TMS
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Effect of repetitive, double-pulse, PT stimulation on SMUs in ECR. Responses of 2 ECE units (4 and 5 recorded in

a sedated monkey to either single {1 X PT) or double (2 X PT) stirnuli, with an inter-stimulus separation of 3 ms, to promote
transtnission through oligosynaptic pathways. MNumber of sweeps Af: 58, 420 150, B1: 83, B2: 138, Binwidth: 0.2 ms.

varied between sinple, single peaks similar to those evoked
from the PT, to more complex responses consisgting of several
subpeaks. We argue that all of these responses are probably
due to CM action.

Responses to PT stimulation

Direct stimulation of the PT produces a relatively sumple
corticospinal volley, discharging each corticospinal axon once
only, compared with the repetitive discharge evoked by surface
gtimulation of the cortex, intracortical microstimulation or non-
mvagively with transcranial magnetic (TMS) or electrical
(TES) stunulation (Burke et al. 1990; Day et al. 1987; Edgley
et al 1990,1997; Jankowska et al. 1975; Kemell and Wu
1967). Thus PT stimulation allows us to examme the response
of upper limb motoneurons to a much less complex mput than
1¢ generated by TMS or TES; thig can m tum illuminate the
likely origin of regponsges to nonmvasive stimulation.

The mogt plangible explanation tor the single pealks of short
duration evoked from the PT is that they result from mono-
synaptic excitatory postsynaptic potentials (EPSPs) evoked m
the motoneurons by CM connectiong. A high proportion of
macaque upper linb motoneurons receive a monosynaptic
EPSP from single stimuli delivered to the PT, and these are
particularly common and large for intringic hand muscle mo-
toneurong (Fritz et al. 1985; Maier et al. 1998; see Porter and
Lemon 1993). Maier et al. (1998) found that in the chloralose
anesthetized macaque monkey, 73% of upper limb motoneu-
rong showed such monosynaptic EPSPg; their sample mcluded
motoneurons supplying elbow, wrist, and hand muscles. The
lack of variation i the SMU response latency and its brief
duration (less than 1.1 ms in 52/56 SMUs, mean: 0.74 ms) are
both consistent with a monosynaptic origin (Fetz and Gustats-
gon 1983; Kukwood 1995). The duration of these peaks prob-
ably reflects the brief rige time of CM EPSPg in hand and
forearm motoneurons (0.93 +— 0.18 ms) (Maier et al. 1998). Tt

1g alzo similar to or less than the duration of peaks obgerved in
cross-comrelations between CM cells and SMUsg (Lemon and
Mantel 1989, Mantel and Lemon 1987, see Porter and Lemon
1993).

The PSTHs obtained provide no evidence for later non-
monosynaptic excitation from the PT, at least under the present
experimental conditions. It would be expected that non-mono-
gynaptic mputg, mediated either through a C,—C, propriospinal
gystem or through segmental excitatory nterneurons, would
either broaden the initial response pealk or even result in later
geparate subpeaks of activity. Maier et al. (1998) did find a
small proportion of motoneurons that showed non-monosyn-
aptic EPSPs after repetitive PT stumulation. Thege EPSPs had
latencies 0.7-2.5 ms longer than the earliest CM monosynaptic
EPSPs (see also Alstermark et al. 1999). Therefore it could be
predicted that any SMU digcharges due to such non-monosyn-
aptic effectz should be clearly digcriminable from the early,
briet monosynaptic peals.

There are a number of reagons why non-monogynaptic ac-
tions may have been missed in the present experiments. First,
it could be argued that the sample of motor units tested was
dominated by thoze from more distal muscles and that we may
have migged propriogpinal-mediated excitation in more proxi-
mal muscles. There iz evidence i the cat that such excitation
may be paticularly directed to more proximal muscles con-
cemed i the act of reachmg rather than to more distal muscle
groups mvolved m movements such as food-taking (see Al-
gtermark and Lundberg 1992). However, it ig alto exzential to
note that although behavioral and other evidence hag impli-
cated the C,—C, system m reachmg a// cat forelimb motoneu-
rons exhibit corticospinal excitation via C4—C, PNs, including
those supplying distal muscles. In support of this, stimulation
of the lateral reticular nucleus (which has been shown to
activate ascending axons of C—C, PNz see Fig. 1) evolkes
large EPSPs in most cat forelimb motoneurons, and some of
the largest effects were in ECR motoneurons (Alstermark and
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monkeys and tested with either single (5 46 SMUs) or double PT stimuli (T
15 M)

Sagali 1986). Thus if a C5—C, propriogpinal system ig sumilarky
organized in the macaque monkey, we should expect PN-
mediated effects i most motoneurons.

Second, it 15 possible that neither single- nor double-pulse
PT stimulation 1s capable of brmging C;—C, PNs to discharge,
preventing transmisgion through to the tested motoneurons. In
the deeply anesthetized preparation, repetitive stimulation with
up to three or four shocks is sometimes necessary to obtain
C5—C, transmission. However, in an awake or lightly sedated
anmal, one would expect the PNg to be more excitable and
therefore able to transmit etfects evoked by even single PT
ghocks. We should add that in both the chloraloge-anesthetized
cat and gquirrel monkey, transmisgion through PNz was clearly
evident after double shocks (see Illert et al. 1976, Fig. 2.
Nakajima et al. 2000, respectively).

Third, there 1s the issue of whether the fast monosynaptic
CM-EPSPs dominated the response of the motoneuron and that
discharges resulting from these EPSPs prevented any regponse
to later EPSPg mediated by non-monogynaptic pathwayg. To

15281

avoid thig, we specifically selected a rather weak PT stimula-
tion mtengsity so that the response probability was low (Figs.
3-6). Under these circumstances, there should be a dispropor-
tionately large number of sweeps (80 -90%) in which the early
CM-EPSP fails to fire the motoneuron butwould summate with
any later oligosynaptic EPSPg to digcharge it at a longer
latency (ct. Malmgren and Pierrot-Degeilligny 1988). We
should add that primate PN-mediated EPSPs, when they do
occur, have rise times similar to those in the cat (Maier et al.
1998; Nakajima et al. 2000).

Finally, it 1s possible that PT-evoked inhibition could mask
non-monogynaptic excitation (see Maier et al. 1998). Such
inhibition could arize either from local, gegmental inhibitory
mterneurons (Jankowska et al. 1976; Perlmutter et al. 1998) or
indeed from propriospinal mhibitory neurons (Alstermark et al.
1999) with corticospmal input. In this respect, the results from
the 20 SMUs 1 which there was no clear postpeak suppression
1¢ of eritical importance: examples of such responses are shown
in Figg. 3, B and C, 3B, and 64. In these cages, any significant
non-monosynaptic ettects should have been detectable, but
none was observed.

In other SMUs we did observe suppression of ongoing SMU
activity shortly after the mitial excitatory peak (Figs. 25, 4, 4
and B, 5, Cand D, and 6C). However, m some of these SMUzg,
CUSUM analyzis indicated that suppression did not begin until
1-4 mg after the peak (e.g., Fig. 4C), i.e, it wag not present
during the 0.7- to 2.5-ms period after the matial peak m which
non-monosynaptic effects would be expected and therefore
could not have masked any later peaks. Further, robust re-
gponges to double PT stunuli proved that the mhibitory
postgynaptic potential (IPSP) induced by the first volley was
not sufficiently large to obgcure responses to the second (Fig.
6). however, this might not apply to rather a small and weal
oligosynaptic mput.

The present results are m keeping with recent mvestigations
by Maier et al. (1998), who, m chloralose-anesthetized mon-
lkeyg, made ntracellular recordmngs from a large number of
upper limb motoneurons in response to PT stimulation. Late
EPSPs reflecting oligosynaptic transmission were rarely ob-
served. Repetitive PT stimulation was used to facilitate trans-
mission through non-moenosynaptic pathways but only 19% of
motoneurons showed late EPSPg and only 3% had EPSPs with
a digynaptic latency, appropnate tor a C;—C, propriospinal
lmkage (see Alstermark and Lundberg 1992). A C; lesion was
made to reduce the corticospmal input to the lower cervical
gsegments, with the aim of reducmg segmental excitatory and
mhibitory actions and thereby revealing any propriospmal ac-
tions. However, even after such a lesion, the proportion of
digynaptic EPSPz was still small (14%). Maier et al. (1998)
provided anumber of arguments to show that their results were
not due to selective depression of non-monosynaptic pathways
by general anesthesia. The absence of late peaks m both the
awake and lightly sedated monkey remtorces that conclusion.
The use of repetitive (double-pulge) PT stimulation, which
ghould have enhanced propriogpinal transmission, alzo failed to
produce any evidence of later peaks (Fig. 6). If the C,—C,
gystem 1g indeed under some form of inhibition, as suggested
by recent experments by Alstermark et al. (1999), then our
data mdicate that transmission through this system remains
suppressed even m the awalke state.

Our reszults raize fundamental questions as to the functional
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importance of C3—C, transmigsion under natural conditions. Of
courge we cannot exclude the pogsibility that such transmisgion
might occur under different experimental conditions than we
have tested here. There are plentiful examples m the literature
of pathways that are patent only under particular behavioral
conditions. For mstance, digynaptic excitation of external mter-
costals motonenrong by muscle gpindle afferents during ngpira-
tion (Kikwood and Sears 1982), disynaptic excitation of flexor
and extensor motoneurons during fictive scratching (Degtyarenko
et al. 1998), or during particular phases of locomotion (McCrea
1998; McCrea et al. 1995, Quevedo et al. 2000). Feed-forward
corticogpmal mhibition of the PN system is likely to be enhanced
by strong stimulation (Nicolag et al. 2001); note however that all
of our experiments were done with rather weak PT gtunuli, which
evoked low response probabilities, and that PN-type effects were
absent even at the weakest mtensities (Fig. 5).

The absence of non-monosynaptic excitation is perhaps sur-
prising given the widespread tenmmation of the corticogpinal
tract in regions beyond the motor nuclei, e, m lammae
VI-VIOI (Armand et al. 1997). Many of thege termmations are
probably concerned with pre- and postsynaptic control of reflex
iputs; many excite spinal interneurons with mhibitory actions
on upper limb motoneurons (Baldissera et al. 1981; Cheney et
al 1985; Jankowska et al. 1976; Rothwell et al. 1984) (see Fig.
1). Inhibitory effects from the PT are widespread: Maier et al.
(1998) found that 65% of sampled motoneurons had IPSPs

within the digynaptic range. These IPSPg probably explain the
early suppression by PT stimulation of ongoing activity in
gome SMUs. The presence of thiz suppression demonstrates
that non-monosynaptic pathways other than the propriospimal
one were operating effectively under the conditions of our
experiments. Recent work m the awake behaving monkey has
demonstrated the pregence of many segmental interneurons
which facilitate upper limb motoneurons (Perlmutter et al.
1998; Piut and Fetz 1999), whether or not these mterneurons
receive a significant corticospmal mput i1z as yvet unresolved.
Clearly this approach would be able to clarify the issue of
C5;—C, propriospmal transmission still further.

Responses to TMS

The responses of AdP units to TMS in the LM orientation
consisted of smgle briet peaks, identical to those evolked from
the PT, but with a slightly longer onset latency (mean: 0.5 +
0.2 mg). Thig 12 gunilar to the conduction delay from cotex to
medullay pyramid in the fastest corticogpmal fibers (Baker et
al. 1994, 1995) and 1s therefore consistent with direct actrva-
tion of corticospinal neurons at or cloge to their mitial segment
(Edgley et al 1997). The SMU responses are most likely the
result of the monosynaptic action of impulses in the dwect or D
wave that can be recorded from the corticogpinal pathway
(Baker et al. 1994, 1995, Edgley et al. 1990, 1997).
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Several earlier studies have shown that the direction of the
induced cortical current flow can markedly alter the type of
corticospinal activation (Amagsian et al. 1990) and the latency
and form of the EMG and SMU responses (Amassian et al.
1989; Davey et al. 1994). Werhahn et al. (1994) and di Laz-
zarro et al. (2001) have shown that when current 15 mduced
the LM direction, there ig direct activation of corticogpinal
neurons and gignificantly shorter EMG responge latencies than
for currents Howing m the PA direction, which induces mainly
indirect, trans-synaptic activation. The precise reazon for this
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Fg. 9. Comparison of SMU response to PT
stimulation and to TS Fesponses in the same
thythmically firing AdP unit responses to PT
stirnulation and to TS in the LI and PA cotl
orientations. 4 PSTH for PT stimulation (in-
tensity: 100 pd, duration: 0.2 ms, » = 117).
Peak onset latency: 11 ms, duration: 0.6 ms,
response probability, 015, binwidth: 0.2 ms.
MNote the absence of any later subpeaks in the
PETH following PT stimulation. 80 PSTH for
responsesto TS applied over the motor cortex
(LM orientation; intensity: 16% WIZ0, » = 533
Peak onset latency: 11.4 ms, duration: 1.0 ms,
response probability: 053 O PETH for ThS
(P& onentation, intensity: 40% WMEO0, » = 2053
Total response probability was 047 Onset la-
tencies of the first, second and third peaks were
14,158 and 17.4 ms, respectively. O horizon-
tal bars indicate latencies and durations of re-
sponse peaks for SWTs that responded to TS
in either the LM (# = 7 responsive SMUs) or
P4 onentation (# = 6). Latencies are plotted
relative to the onset of the peak to PT stimula-
tion; this walue has been subtracted from the
latency to TME. Note the short relative latency
and brief duration of the LI ewoled effects,
compared with the longer latency, more com-
plex effects of PA responses, which in 2 3T
showed multiple peaks.

difference probably depends on the orientation the corticospi-
nal cells’ soma, dendrites and axon mitial segment (Hem et al.
1962) and on the trajectory of their axons within the subcortical
white matter with respect to the induced current flow (Amas-
gian et al. 1992).

The similarity m the duration and form of the response peaks
atter PT stimulation and after TMS (LM orientation) suggests
that both activate a rather similar population of the CM cells
projecting to the gsampled SMU. The abgzence of later peaks in
the response to TMS m the LM orientation means that its
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principal effect on these cells, at least in the monkey, is
D-wave activation, our earlier work suggested relatively little
I-wave activity using this coil orientation (Baker et al. 1995),
In contrast, the responses to TMS in the PA ornentation had
longer latencies and were composed of multiple peaks with
interpeak intervals of 1.2-1.5 mg, similar to those reported in
many earlier human studies (Day et al. 1989, Olivier et al.
1995, Werhahn et al. 1994) and primate studies (Edgley et al.
1990, 1997; Maier et al. 1997). This interval corresponds
exactly with that between successive I waves mn epidural re-
cordings from the gpinal cord in man (Burke et al. 1993; di
Lazzaro et al. 1998) and from recordings of gingle corticogpi-
nal axons in the monkey (Edgley et al. 1997). Thus it is
probable that each of the peaks in the PSTH reflects monosyn-
aptic activation of the motoneuron by successive volleys of
corticospinal I-wave activity rather than by non-monosynaptic
inputs. The prezence of later peaks after TMS m the PA
orientation demonstrates that the motoneurons remain excit-
able n this period and again argues against masking of non-
monosynaptic excitation by mhibition. For example the prob-
ability of discharge in the first subpeak in Fig. 9C (7 = 0.08)
15 not very different to that evoked from the PT in Fig. 94 (P =
0.15): with TMS, there were subsecquent subpeals, but with the
gingle volley zet up by PT stimulation, no later peaks were
geen. The experiments with double PT stimuli algo confirmed
the excitability of SMUs in the postpeak period (see preceding
text).

Prapriospinagl transmission of corticospinal excitation in
humans?

Compared with TMS, low-mtensity anodal electrical stimu-
lation (TES) of the motor cortex in human subjects produces a
much simpler pattemn of descendmg activity that 15 dommated
by direct activation of corticospinal axonsg (Buike et al. 1990;
Day et al. 1987). Recent gtudies by de Noordhout et al. (1999)
using thig type of stimulation demonstrated that SMUs re-
corded from a wide range of human upper limb muscles
responded with brief smgle peaks almost identical to those
reported here (mean duration: 0.97 ms), agam with no sign of
later excitation. Thig suggests that in man, ag in the macaque
monkey, diect stumulation of the corticogpinal tract does not
lead to activation of motoneurons via oligosynaptic pathways.
Responges to TES are followed by profound suppression of
SMU discharge, and one criticism of the results obtamed by de
Noordhout et al. (1999) 1s that propriospinal excitation may
have been masked by thiz suppression. The results from our
gtudy showing abzence of any clear PN-mediated effects in
those SMUs without such suppression suggests that such ob-
jectiong may be unfounded.

The conclusion that propricspinal transmission of cortical
excitation 1 not present m humans 1g m conflict with the long
geries of experiments on human subjects carried out by Pierrot-
Degeilligny and hig colleagues mdicating that a significant
proportion of cortical excitation may be transmitted through a
propriogpmal-like system, organized along similar lines to the
C;—C, system i the cat (Buike et al. 1994: Gracies et al. 1994
Marchand-Pauvert et al. 2000, Pauvert et al. 1998; Pierrot-
Degeilligny 1996). Using cortical TMS alone, these authors
have alzo not reported any longer-latency effects m SMUg that
could be attributed to non-monosynaptic pathways. Rather

OLIVIEE, BAKEER, NAKAIMMA BEOCHIEER, AND LEMON

evidence for non-monogynaptic transmisgion has been obtamed
by interacting the descending effects set up by TMS with
activation of non-monosynaptic retlex inputs to upper lunb
motoneurons. These mputs have been generated by stimulating
particular peripheral nerves (thoge without any monosgynaptic
connectiong to motoneurons of the tested muscle) or using
particular stimulug mtensities at which non-monosynaptic re-
flex effects are present (Pauvert et al. 1998; Pierrot-Deseilligny
1996).

Thus 1t seems possible that m humang, as 1 macaque mon-
keys, propriospinal transmission from the fast-conducting cor-
ticogpmal gystem that ig activated by TMS, TES, or PT ix weak
and 1g not revealed in either EMG or SMU recordings unless
the propriogpinal neurons are facilitated by additional excita-
tory peripheral mputs. We should point out that such inputs
were probably present in our study, both m the awake monkey
performing the precision grip task, and even in the sedated
animals, gmce natural proprioceptive and cutaneous stmmuli
were applied to sustain steady SMU discharge. Thug facilita-
tion from these sources should have been present. We did not
attempt spatial facilitation with electrical stunulation of periph-
eral nerves; a pathway that transmits only when highly syn-
chronous corticospinal and peripheral inputs generated by elec-
trical stimulation are presented simultaneously probably
reflects a rather weak transmisgion system, which may have
little functional relevance for transmission of agynchronous
mputs pregent under natural conditions.

Conclusion

Our experiments do not provide any evidence in favor of
non-monosynaptic excitation of macaque upper liunb motoneu-
rons from the corticospmal tract but rather serve to emphasize
the strength of the CM mput. Our regults in the macacue, like
thosge of de Noordhout et al. (1999) in humansg, do not digcount
the existence of a C,—C, propriospmal pathway but rather
suggest that this pathway may be too weak to be regpongible
for transmission of a significant proportion of corticospinal
mput to motoneurons.
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