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CUBRENT UNDERSTANDING OF THE ROLE of the pyramidal {ract in the initia-
tion and control of movement stems largely from observations of the re-
sponses to electrical stimulation of the pyramidal tract or moetor cortex and
from clinical or experimenta] analyses of the effacts of lesions of these struc-
tures. Studies of the activity of individual byramidal tract neurons (PTNs}
have been highly productive of basic physiological data, but these studies
have been largely confined to acute preparations in which it ig impossible to
observe the relation of PTN discharge to normal movement, With the ad-
vances in microelectrode recording techniques worked out by Jasper (6) and
by Hubel (4, 5), however, it became possible to record the activity of individ-
ual cerebral neurons in moving animals, The present report describes the
second in a series of studies which have utilized the technique of single unit

movement. In the first study {3), recordings of the activity of PTNs in the
arm area of the precentral motor cortex of the monkey showed that most

be inactive in the absence of movement and to show phasic increases in dis-
charge frequency with movement, whereas PTNs with lower axonal conduc-
tion velocities have tonic discharge even in the absence of movement, and
show both upward and downwayrd modulation of this discharge frequency with
wovement. The arm movements referred to here were spontanesus—con-
sisting of scratching, gro oming, handling foed, ete. Such movemants allowed
detection of the grossly apparent relations mentioned above, but were en-
tirely too uncontrolled to permit analysis of certain other relations. In partic-

determination of the latency between a stimulus which elicited movement
and the associated modification in discharge in PTNs, The present study
Was carried out to obtain mformation as to the point in the stimulus-re-
Ponse sequence at which discharge of PTNs is modified.

METHODS

. Technigues e i training monkers. Five female monkeya {Maegon medatie) wore
to depress a modified telegraph key (making a contact) until a light came on, and to
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laterality of the hand which was to be moved. For most units, TESHONEE fig-
curred only if the photic stimulus was delivered during contralateral Wrist
flexion (see section 4 of RESULTS).

3) The occurrence of the PTIN response depended on the subsequent
occurrence of wrist extension. This could be shown by the process of ex-
tinguishing the conditioned response of extension. In the original training,
animals were first conditioned to carry out steady flexion: only later wepe
they required to carry out prompt extension at light onset. With repeatod
failure to receive reward the monkeys would persist in flexing to close the
contact, but would not release at light onset. Perhaps the monkeys thought
that they were guilty of premature extension. In any event, when they re.
peatedly failed to receive reward, monkeys would adopt the tactic of main-
taining flexion for a much longer period after light onset. With the delivery
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Trc. 4. Patterns of decreased activity in PTNz. The five sets of traces ghown hete Jll;::
trate some of the patterns of decreased activity shown by PTNs in association with ‘-:D?ndiv :
lateral wrist extension, The traces start 200 msee. prior to light onset; light ““*‘Etllguﬂnn ]
cated by the black trigngle. All of these units were tonically active during the Ewad}hiﬂ ol
which preceded light onset, and then showed a partial or complete cessalion of t
charge in relation to wrist extension, Time marks are 50 msec,
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F'i6. 3. Patterns of increased activity in PTNs. The six sets of traces shown above

llusteate patterns of increased discharge frequ eney shown by six different PTNg in HESOCIA-
tion with contralatera] wrist extension. The minimum PTN response lateney heve was 100

msee., shown for the unit af top right. The discharge of this unit consistently preceded Lhe

EMG response, which had a minimum latency of 200 meee. In some units discharge was of

considernh]y longer lateney, discha rge actually commeneing almaost simu ltaneously with the
MG response, Traces begin ot light enset. Time marks are 50 msee,

Tesponses” in PTNs differ from the more classical responses evoked by
Photic stimuli.

I} The occurrence of the PTN response required that the monkey he
Prepared to make the conditioned response. Thus, if the photic stimulus
Were presented with the arm al rest (not depressing the telegraph key), no
"esponse ocourved.

2] The occurrence of the PTN response depended on which wrist was to
be extended. Thus, when a unit was observed during both contralateral and
Dsilateral wrist extension, responses to the photic stimulus depended on the
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occurred prior to the peripheral electromyographic response. Other Py,
showed pauses commencing after the initiation of the EMG responge, g
total of 182 PTNs was recorded in association with contralateral wrisg gy
tension, and 57 of these showed responses prior to the first change in electy,.
myogram. A statistical definition of response has not been employed iy
designating units “responsive’ or “unresponsive.” The reasons for failure 1,
employ such a criterion are discussed under section 3 of RESULTS.

Since the PTN responses described above were evoked by a photic
stirulus, it is appropriate to consider certain respects in which these “photig

Fig. 2. PTN response, extensor EMG response, and reaction time. 'J_‘Ihls- figure ‘]l"'di'_
irates 2 zeries of 12 trials for o PTN which was silent during flexion and which m:t_b'-lﬁl«‘ﬂ't 4
discharged prior to extension of the contralateral wrist. All traces start at T,t:t‘lﬂm'*‘t i
light. The minimum response latency for this PTN was about 120 msec. This J,”L“’;LE'.',E
PTN response was associated with an EMG latency of 170 msec. and a reaclion 1,1n12| ot
maec. In gencral, the shortest latency PTN responses were associated with the E]'_L"SE‘
latency EMCG responses. Time marks are 50 msec. apart. The botiom line of eat
traees mdicates when the contact opened.
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interval between conditioned stimulus (light onset) and conditioned re-
sponse (wrist extension) does modification of discharge in PTNs occur? 2, Is
the occurrence of the wrist movement temporally locked to the PTN re-
sponse? 3 What is the relation of axonal conduction velocity of a PTN and
the response which it shows in association with movement? £) Is activity of
PTNs related only to contralateral movements, or are there some PTNs
whose discharge is related to ipsilateral movements as well?

It might-seem that a fifth question, ‘“What is the relation of PTN activity
{0 the initiation of wrist flexion?”’ should also have been posed. In the present
gituation, however, reward was 1ot dependent on the time following exten-
sion at which flexion was resumed. Moreover, there was no external stimulus
which initiated the resumption of flexion. Many units wexe found to show
changes in discharge pattern in relation to the initiation of flexion, but the
variability of the flexion movement and the associated modifications of PTN
activity precluded consideration of this aspect of the data.

1. At what point in the interval befween conditioned stimulus (light ;
onset) and conditioned response (wrist extension) does modifica-
tion of discharge in PTNs occur?

Figure 2 illustrates the temporal relation between a) the onset of the light
to which the monkey responded with wrist extension, §) the occurrence of a
PTN response, and ¢) the initiationof discharge in extensor muscles of the
contralateral arm. For the PTN illustrated in Fig. 2, discharge invariably
preceded the onset of the increased activity in the extensor EMG of the
contralateral arm. The unit was almost totally silent during the periods
when the task was being carried out with the ipsilateral arm. The increase
in discharge illustrated in Fig. 2 represents but one of many possible pat-
terns of PTN response in relation to wrist extension; Fig. 3 illustrates some
of the additional patterns. The unit responses of Fig. 3 began prior to the
EMG response, but a number of other PTNs showed increased discharge
commencing after the initiation of electromyographic changes. It should be
recalled that following the increase of extensor and decrease of flexor activ-
ity there is a decrease in extensor and resumption of flexor discharge. Thus,
. bursts of unit activity beginning shortly after the start of extension are in
fact occurring shortly prior to resumption of activity in the flexor muscula-
ture. PTN responses starting after the extensor EMG response may thus
represent the effects of feedback from the periphery or may equally well be
related to yesumption of flexion.
Figures 2 and 3 illustrated increases in discharge in relation to transient
. Wrist extension, Figure 4 illustrates an opposite pattern of response, i.e., a de-
trease of discharge frequency in relation to wrist extension. The neurons of
Fig. 4 discharged tonically during the period of maintained wrist flexion
Frior to light onset, and showed a slowing of discharge in association with the
- transient wrist extension which oceurred following light onset. As in the case
increases of discharge shown in Fig. 3, the decreases shown in Fig. 4
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release the key following light onset; relsase of the key in less than 350 msec. following lighye
onset resulted in the delivery of a liquid reward (mill, fruit juice, or water, depending oy
the monkey’s preference). Figure 1 shows an electromyographic correlate of the hand Mowve.
menl which the monkey made in this situation. Wrist flexion was necessary for producliag,
of vontaet closure and, as would be expected, the EMG showed a predominance of activity
in the wrist flexors during contact closure; contact opening invelved a reduction iy Lhe
activity of wrist flexors and an increase in the activity of wrist extensors. Within a shop
time {usnally less than a second) after the monkey had opensd the contact following ligh:
onset, she usually closed it again, beginning a new sequence. The period of time for which
the monkey was required to flex (maintaining contact closure) prior to light onger wes
varied [rom trial to trial over a range of 1-5 sec. so a3 to prevent the monkey from predipt.
ing the time at which the light would appear. A premature releasze by the monkey tie, 4
release prior to light onset) did not result in reward, and following such a premature releage
the press had to restart from time zero. Thus, when the monkey released prior to light ongey

she reduced the over-all frequency of veward. As a result of these contingencies the monkey
maintained steady wrist flexion until light onset, extended her wrist for 8 fraction of 5
second [ollowing light onset, and then started steady wrist flexion again. During training,
two of the five monkeys were required to alternate right and left hands rather f]'\equﬂnLI}. =

1l o R

i _ 16 1. Flexor and exiensor electromyg.
-—-—--—-dpllq,ll i‘,ﬁlmﬂ'lw E){ grams. This figure illustrates the reciprocg]
553 i '|'| il activity of extensors (tep) and flexors (hok.
tom) during the wrist movement which M-
TR T keys were trained to perform. Sweeps start at
the onset of the light, at o time of wrist fex.

ion, At about 150 msec, following light onset

[ S |
l‘lﬂk1;!"||‘III'|I|I|.1|I'|L|L|W14|Illl'll:lliHl"fL: F |._ there was a reduetion in Sexor aclivity and a

reciprocal increase of extensor aclivity. This
EMG response was followed by opening of
the contoct, as indicated in the center Jina
The term “reaction time™ as it is veod in this
| ] | | ! ! paper iz the interval from light onzet to con-

0 . e T e L tact opening.
Seconds

the aim being to have them gain equal proficiency in the use of both hands. The remaining
three monkeys were trained on only one hand. Tn the present experiments it was desirahle
that performance become highly stable prior to single unit recording and to this end mon.
keys were given 100,000 trials or more before unit recording was hegun,

Data aequisition. The techniques used for picking up and identifying PTNs have been
described previously (2, 3)_ In brief, a hydraulically cloged chamber, thro ugh which a miceo-
electrode could be lowered into the precentral gyrus, was attached to the bone ever the arm
area. Macroelectrodes were chronically implanted in the ipsilateral medullary pyramid so
that units could be tested for presence of an antidromic response to stimulation of the
medullary pyramid,

EM recordings were obtained from electrodes attached to the skin over the extensor
and fexor muscles of the furearm. Two channels of a seven-channel tape recorder were_u!fﬁ"l
for recording EM(, and one channel was used for recording unit activity. The remaining
four tape recorder channels weve used for recording I) the condition (open or closed) of the
contact operated by the monkey; 2} a gate which came on 250 msee. prior to light onset, s_md
whose termination was coincident with light onset; 3) pulses synchronous with stimuli to
the medullary pyramid; and 4} voice,

REsurTs

The presentation of results will be organized according to four S:Iue:-;tfﬂllﬂ
which have been posed in the current investigation: 1. At what point in the
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of a few rewards, monkeys would resume prompt release at light onset.
During extinction of the wrist extension it was thus possible to observe unit
responses to the photic stimulus when the wrist was flexed, but when no
wrist extension was to follow light onset. In this situation the PTHN response
disappeared. As soon as the monkey resumed wrist extension in response to
the light the PTN response returned. d

In general, then, it is clear that the PTN response is evoked by the photic
stimulus if and only if the photic stimulus is also to elicit a specific motor
responge,

2. Is the occurrence of the wrist movement temporally locked
to the PTIN response?

(Given that modification of discharge in PTNs occurs prior to the arm
movement, the question arises as to the relation between variations in the
latency of PTN response and variations in the latency of motor response,
If PTN discharge is an essential link in the chain of neural events that Initi-
ates the movement, then fluctuations in the lateney of the PTN response -
should be associated with corresponding fluctuations in the reaction time
(the time from light onset to contact opening) of the animal. Such a corre-
spondence was suggested by the results shown in Fig. 2, where longer reaction
times were associated with longer PTN response latencies, :

Figure 5 shows the activity of a single PTN during 40 consecutive reac-
tion-time trials. In the left-hand section of the figure the trials have been
ordered as they actually occurred, but in the right-hand section of the figure
trials have been rearranged so that the traces at the top are those for which,
the monkey’s reaction time was shortest, whereas the traces at the bottom
are those for which the monkey’s reaction time was longest. It may be seen
that progressively longer reaction times are associated with progressively
longer latencies of unit response. The correlation is far from perfect, how-
ever, and it is apparent that the activity of this one PTN is far from explain-
Ing the variance in the behavior of the experimental animal

Additional data on the relation of unit latency and reaction time are
shown in Fig. 6. This figure plots reaction time against response latency for
one PTN in a series of 80 consecutive trials for a monkey whose reaction
times reached a minimum of 180 msec., a reaction time which corresponds
to that of a proficient human subject in a comparable situation. Figure 6
§h0ws that for reaction times of about 200 msec. the latency to unit response
18 about 100 msec. Longer unit latencies are associated with longer reaction
times, though the reverse is not mmvariably true. Thus, short latency of unit

Ischarge was a necessary but not a sufficient condition for the cccurrence
of short reaction time.

3. What is the relation of axonal conduction velocity of ¢ PTN and the
response whick it shows in associotion with movermnent?

. Figures 7 and 8 illustrate the responses of 24 PTNs in relation to exten-
SIon of the contralateral wrist. The 24 PTNs were selected from 75 PTNs re-
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than the response of the unit at the upper laft of Fig. 7. Even in the case of
the relatively “wealc” response of the unit at lower left, however, the response
is highly significant from the statistical standpoint. For the less responsive
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Fic. 6, PTH latency and reaction time, Reaction times fer 80 trials are plotted on the
abseiasn and surresponding PTHN latencics are plotbed on the ordinate, It may be seen that
in association with reaction times of ahout 200 msec, thiz particular PTH had responss

tencies of about 110 e, All of the short reaction times were associated with short PTN
Tesponge latencies, hut the POTVETSe wasnot true: there wore number of short-latency
‘N rosponges which veere not followed by rapid veaction times,

% 6, and 4. The probability that these two distributions might have been
drawn from the same population is negligibly amall. Thus, the “less resporn-
Sive” unit is actually highly responsive in a statistical sense. Among units
Which have been called “unresponsive,” there are actually a considerable
Oumber which were responsive in the statistical sense. At this stage, how-
Ver, it does not seam useful to deal with responses weaker than the weakest
© responses shown in Figs, 7 and 8.

The PTNs whose discharge patterns are illustrated i Figs. 7 and 8 had
Mtidromyi, latencies (ADLs) ranging from 0.9 to 6.2 meec. Assuming a con-
Uetion distance of 70 mm., these ADLs would correspond to conduction
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F1a. 5. Relation of PTN lateney and reaction time, In this fgure the first dot ot the Jeft

indicates light onset and subsequent dots indicate the sceurrence of TN discharge; each
row of dots represents one flexion-

exlonsion sequence. At the moment of contacl opening
bhe dota representing PTN discharge are replaced by a continuous horizontal line, Thus, the
reaction time on each trial is the interval from the lefimost dot to the commencement of Lhe
continucua line. The left-hand section of this figure shows 40 consecutive trinls: in the right-
hand gection of the figure these same 40 trials hove besn rearranged with the shortest reac
tion times at the top and the longest reaction times at the bottom, Tt may be seen that thers
i8 a tendency for the shorter reaction times to be associated with shorker lateneies of PTN
deUi]F.LI‘F{E-, anc for !ungcr reaction times to he associa ted with .l'!:lTIH&'IC latencios of PTH
response. The methed of Wall (7) was employed in making this and subsequent rsters.

corded from the precentral hand area of a single monkey, most of whose
feaction times were between 275 and 400 msec. The remaining 51 PT'Ns (not
illustrated in Figs. 7 and 8) showed little or no response in relation to the
contralateral wrist extension, though practically all of the 75 PTNa showed
striking modifications of discharge pattern during spontanecus arm move:
ments. A statistical criterion of response has not been adopted in thislﬁﬁl}ﬁ?‘
and, as a result, designation of units as “vesponsive” and “‘unresponsive” i
somewhat arbitrary. Thus, in Fig. 7 the unit whose activity is shown at. the
lower left was called responsive, but its responge is certainly less obviow®
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- Fra. 7. Relation of discharge pattern and antidromic responge latency. Each group of
20 rows of Iﬂ?tﬂ- depieta the discharge of 1 PI'N in relation 0 20 succesaive exion-sxiengion
sequences. Light onsel is indicated by the vertical column of dots above “time zero.” Thus:.
the discharge during the 200 msec, prior o light enset is indicated by the dots to the lefbof
this column, from —200 msee. to 0 meee. The number beside vuch group of dots ia the anil=
dromic latency of the PTH whose aétivity is depicted by the dots. Several of the “_mta:'_ {
represented hers were Inaetive during the period of maintained fexion which preceded h"rhf' i
;m:sglzggﬁ;lmu —200 msec. to 0 msec.) and then became quite active in relation to transient ;
i, ;
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EMG response associated with extension, showing that these PTIN responses
Were not consequent upon the fead back associated with the movement,

3. There was a strong positive correlation between latency of modifica-
tion of PTN discharge and latency of occurrence of the movement,

4. Responses taking the form of increased activity prior to extension fal-
lowing quiescence during the flexion were restricted to the group of PTNg
with relatively short antidromic response latencies (ADLs). When PTNs
with long ADLg responded with increased discharge frequency prior to ex-
tension this increase was superimposed on & background of tonie discharge
which had persisted throughout Aexion. Many PTNs showed abrupt cessa-
tion of discharge prior to extension ; the abruptness of this cessation was nat,
related to AT,

though a few units were found which were related to movement of the ipsi-
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Relation of response pattern to axvonal conduciion veloerfy

Observations of PTN discharge during spontaneous arm movements ip g
previous study (3) showed that PTNs with the shortest ADLs tend to be iy
active with the arms at rest and to show phasic increases in discharge fie
quency with certain aspeets of movement. PTNs with longer ADIs tended
to be tonically active in the absen ce of movement and to show modulation of
discharge with movement, There was a somewhat analogous relation be.
tween ADL and response pattern in the present study. Thus, units which
were quiescent during flexion and showed bursts of discharge prior to ey.
tension had short ADLs. Units with long ADLs often had bursts of discharge
prior to extension, but these bursts were superimposed on a background of
discharge which had been maintained during flexion. A number of units
with short ADLs were inactive during periods with both arms at rest, became
active during maintained flexion, and then showed transient responses prior
to extension. For some of these units the transient response took the form of
a pause, while for other units the response consisted of a further increase in
discharge,

Latency of response

It has been found that even in cases of minimum (180 msec.) reaction
times by the monkey, the latency of the antecedent modification of PT dis-
charge does not fall below 100 msec. This 100-msec, latency stands in sharp
contrast to the 30-msec. latency with which PTNs in the motor cortex dis-
charge in response to a photic stimulus in animals anesthetized with chlora-
lose (1, 8). It is clear, then, that for this conditioned movement the latency
of response in PTNs is delayed at least 70 msec. beyond the minimum latency
demanded by the anatomical connections between the retina and motor
cortex. What sequence of neuronal events takes place during this 70-msec,
delay? An answer to this question would provide useful clues as to mecha-
nisms of sensorimotor integration,

SUMMARY

1. This study was carried out to obtain information concerning the
temporal relations between modification of discharge pattern in pyramidal
tract neurons and the oceurrence of a conditioned hand movement. Eﬂ’{}f of
five monkeys was trained to carry out wrist flexion (depressing a modified
telegraph key) until a light came on, and to extend the wrist promptly
following light onset: light onset thus gave rise to the conditioned response of
wrist extension. The activity of 182 pyramidal tract neurons (PTNs) -.;:a;
recorded from the hand area of the precental motor cortex in association wil s
this movement. Analysis of the results was focused on the modifications of
PTN discharge which intervened between light onset and the first. peripher _
electromyographic correlates of wrist extension. s ey

2. Many PTNs were found to show responses prior to the perip. T



e

PT ACTIVITY WITH CONDITIONED MOVEMENT 1025

to the contralaters] movement, then it would seem unlikely that the response
which seems related to ipsilateral movement I8 actually related Lo some

was ncreased discharge prior to extension of either contralateral or ipgi.
lateral wrist, but in which the discharge was more intensze and of somewhat
shorter latency for ipsilatera) than for coniralsteral extension, For some
trials the unit of Fig. 10 actually failed to show any increase at aj] prior to
contralateral extension, whereas the merease always oceurred prior to ipai-

in relation to ipsilatera] extension. The number of units ohserved was too
small to allow any estimate of the over-all ineidence of Preceniral motor cop-
tex PTNs related to contralateral versys ipsilatera] movement, but the data
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Fig. 10. PTN discharge in relation to both ipsilateral and contralateral f"!“"'.ehfwnt'
This figure depicts the discharge pattern of a PTN in relation to contralateral and ipst both
wrist extengion. This unit showed trangienl modifica tisns of dischorge in relation tfu.r
ipsilateral and contralateral wrist extension, but the inerease of discharge was mors Itl T
for the ipsilateral than for the contralateral movement, Rows of dots tart with Ligh e
the first dot being Lrigpered with light onset, Subsequent dots represent PTN ‘Ilh;r_ng re=
The continucus line at the right of cuch row begins at the instant of contaet opel
sulting from wrist extension,
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cations of contralatern] 2 posture cannot be ruled out, This alternative
possibility arises becayse the status (position and postural tone) of the con-
tralateral arm with both ayms at rest is likely to be different from its statyg
during use of the ipsilateral arm.

b) Transient extension. The problem of interpretation which arises for
changes in maintained unit activigy during ipsilateral flexion Is somewhat
less severe for the case of Ltransient unit responses in association with ipsi.
lateral wrist extension. If a unit shows a transient response prior to ipsilat-
eral extension, and if this response is time-locked to the ipsilateral but not

F1e. g, PTN discharge in relation to ipsilateral movement. This PTN was studied in

E'T“]_“tmﬂ to both ipeila tara] and contralateral wrist movement, Tt showed a congistent burst of

; Mi'f“’ﬁﬂ Bricr to inflisticn of discharge in ipsilaternl ExXtensors (leff) but was almaost totally

Cdctive during huth fexion and extension of the contralateral wrist (right). The four traces

‘i};;gll BICUp are, fram ahoyve down, ipsilaterg] extensor EMG, unit, contralateral extensor
» And eonpget condition,
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velocitiag ranging from 78 i 11 m/sac, Latencies of modification i dis.
charge battern in relation to movement, dig not differ 5 Ppreciably ag 5 fung.
tion of ADT, Thus, the increases oy decreases of discharge freq uency in yunj,
with short A Ls had latencies which were approximately the SAme as (e

in the contrast hetween the responses of the unit with ADIL ¢ g in Fig, 7

comp!ete.quiesmnce prior to the burst of discharge which Preceded exiy,.
sion, wheress the increaseq discharge of the unit with tha longer AT, was
Superimposed gn steady tonig activity which had bPersisted throughoy:
flexion. For the entire sample of 189 PTNs recorded from all 5 maonkeys,
phasic Increases of discharge frequency in the absence of prior tonije activigy

The abrupinesg of reduction in discharge in those units responding with
tecreases of discharge frequency did not distinguish between unigg with long

Arms weve af rest, ang &) changes in disch
sient extension of the ipsilatera] Wrist.
@) Maintained flexion, Thug farin ¢




