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IRTRODUCT IOK

In the following pages the term cortico-spinal will be used to
indicate those neurons with descending axons which traverse longitua-
dinally the medullary pyracldse Siace antiguity, men have pondered and
attempted to experimentally delineate the fanction of the tracsh.

The medullary pyramids are large and must have impressed a number
of early anatomists, but no physiolegleal or anatomical significance
hac been ascribed to these structures until risticelli in 1709 (33) and
Petit in 1710 {(37) discovered the decussation of the pyramids. This
demonstration thab the pvramids erossed appeared ko explain the phenow
menon first described by Hippoerates that disesse of one side of the
brain produces motor defects on the contralateral side of the body .
Petit was the first man to call the tract moior and felt that the brain
subgerved the body through cortico=spinal tracis. Thius, the certico=
spinal tract first became generally regarded as subservinug mbor mechu~
nisms on the basis of inference from limited clinical observations. GSo
deeply was the motor concept of thes pyramidal tract ingrained, that it
was 190 years before Starlinger (LL) thought it worth while to prove
the hypothesis to be true by experimental ohservations. Follewing gsecw
tion of one or hoth pyramids in dogs, he observed motor deficits of ths
contralateral extremities thus furnishing the raticnzl basis for re-
garding the pyramids as the pathway mediating voluntary contrel of
m@vgments}

In recent years, evidence has accumilated whieh would indicate



that impulses in the cortico-spimal tract are not the only means by
which movement may be initiated (8, 16, 32, L6, k7). At the same time,
the importance of anatomically less well defined cortico-fugal pathways
has become more apparent (8, 17, L6)., Nevertheless, the cortico-spinal
tract remains the enly anatomically direct cathway from the cerebral
cortex to lower motor centers of the cord and appears to subsarve an
important role in regulating the exeitability of spinal cord motor neu-
rons. An understanding of the physiological mechanisms involved, de-
pends in part on an understanding of the cortico-spinal termination in

the sapinal cord,

Spinal terminations of the pyramidsl tract.

Afber the disca%ary of pyramldal decussation, atterpls were made
t trace the extent of the tract and establish its terminaticn. B3y caree
iul dissection Petit (33) and distecilii (37) traced the tract into
lateral columns of the upper cervical cerdj but due to the lirited
techniques avallable, they were unable to follow the fibers further.
Turck, in 1851, using the newly discovered prineciple of Wallerian de=
generation as an experimental technique, successfully traced cortico-
spinal fibers as far as the lumbar cord but could not delineate any
termination in the spinal grey (25). Schafer (L0, Ll), using Weigert
and carmine staining techniques, traced degenerating cortico-spinal
fibers, following hemisection of the cord, inte the grey matter of the
cord. lHe noted numerous terminations in the swall cells at the base of
the dorsal horn but was unable to demonstrate terminations in the region

of ventral horn cells, In addition, cortico-spinal andings appesred to



be confined to the servical and lusbar replons of the cord. Lchafer's
findings were disturbing Lo light of prevalent anatomlcal opinion cone
eerning cortico-spinal terminations. Most anatomists and neurophysi-
clngists folt corlico-spinal flbers terwinsted directly on motor neurcns
and thus directly infloenced thelr exeitahility.

That few, 1f any, sortloo-spinul axons do terminate directly on
spinal cord motor neurcns, has been demonsirated repsatedly in wrre re~
eent years in a varleiy of laboratory animals nsing differant histow
loglesl technlques. 'ofl (15) stadied the splnal corda of rals using
a bouten degeneration Leehnique foliowing ieslion of the motor corlex.
Cortlion~gpinal aniirgs were prescat lo rolstion 4o eells of the extercal
bagilar reglon of (he cord anc in relascion Lo Internuncials of the coene
tral greye lio terninatlons were found im relation to motor nsarons.
dora recent studies employing the Nauta and Varchi leehnigues have
verified these findings in the cat {9 ).

In primates (woniers, enimpanszees, and man}, stadies using all of
the ahove techniques have demonstrated Lhat a limited nutler of esrtico-
spinal fiders do implnge diveotly on veniral horn cells (1%, 22). It
shenld be omphasimed %hat a majority of corbice-spinal terminations in
thase soeeles oseour in ralation to internunelals of the cord. Lassek
belioves the presence of direct corticoe~spinel metor nearon connections
is relsted 10 the ascendency of the species on the phylogenetic seale
(2L, 25)s If this i true and 1f 1t is assused =au has reached ithe
highest level on the phylogenetic scale, it way be assumed man should
nave Lhm highest perecnisge of direct cortico-spinal connections on

wotor nearons. The above hypethesis bas not been proved.



Other terminations.

This discussion has dealt only with cortico-spinal terminations iﬁ
the cord. In addition, fibers from the pyramids terminate in the nu-
clei of the pons and overlying reticnlar fermetion (39, L2). Humerous
collaterals ¢f cortico-spinal fibers terminate in the bultar reticular
formation (L2). Sines the reticular forwation plays a major role in
the exeitabllity of spinal motor centers (2, 21, 26, 31), collaterals
of cortico-spinal fibers ending in this region may conmstiitute a second-
ary pathway for influencing motor mechanisms of the cord. This probe

lem will be digenssed laser.

sbudies of Funchion.

Physiological studies appear to verify the anatomical pstterns of
eortico-gpinal terminaiions. Using eats, Lloyd (27) studied activity of
cells In the lumbar cord following electrical stimulation of the bulbar
pyramids. After a delay of -5 msec., following a single stimulus to
the bulbar pyramid, postsynaptic cell responses were recorded in the
external basilar region of the lumbar cord. In part because of temporal
dispersion, single pyremidal shocks were capable of eliciting a pro=-
longed repetiticus discharge in theze e¢lements lasting 20-30 msec. HRe-
petitive pyramidal stimalation also activated elesments in two other
regions of the grey matler of %hebceyds large solitary ecells of the
dorsal hornj and cells of the intermediate region of the cord, the in~
termediate nueleus of Cajal. Single pyramldal shocks wers incapable of
exciting activity in either of the latter two regions. Pyramidal sti-

malation was Iincapable of discharging motor neurons. Funetiocnal studies



en cats verifies the histological evidence that cortico-~spinal fibers

terminate exclusively in relation to internuncials of the cord.
Physiological evidence for the presence of éirect'aortic¢~spinal

moter neuron connections is not nearly se clear. Ho study comparable

to Lloyd's has been performed on primates; however, a feow studies are

available which supoort the observation of direct cortico=-spinal

canhac%isn with motor neurons in this group of animals. Bernhuard et

al (3) and Preston and *hitlock (38) have demonstrated monosynaptic

reflex facilitation following single cortical stimuli with a latency too

ghort to permit internuncial delay. Direct excitation of wmotor neurons,

however, occurred only after prelonged tetanie cortical stimmlation (3).

Summary

From the anatomical and physiologiecal evidence presented ahove, the
following patiern of cortico-spinal Lerminations appears to be prescnt:
1} in carnivores (cats), and probally in cther "lower® mammals, corbico-
spinal fibers terwinate exclusively in relation to intermuncial cells of
the cord; 2) in primates, a limited number of corticow-spinal fibers ter-

. minate directly on motor mzurons of the cord.

Physiology of the Cortico~Spinal Tract

The spinal terminations of cortico-spinal fibers have been shown
both anatomically and physiclegically %o occur primarily in relation
to internsurons. It follows then that corticoespinal influ-

ence on motor neuromal excitablility must be accomplished by



influencing this complex system of cord interneunrons. Sherrington, in
1906, felt this was the case. Because of Schafers anatomical studies,
and through his cwn observations concerning corvically induced movements,
Sherrington felt ﬁhe eortico=gpinal system was an internuncial path.

"As such it is concerned with movements - to which any anatomical or
directional attributes are secondary.” (Li3).

To aveid insdvertent activation of desmendiﬁg patbways other than
the cortico~-spinal tract, Lloyd (27) chose to study the spinal effects
of cortico-spinal activity after stimulation of anatomically isclated
wedullary pyramids. As has been stated previously, he was unable to
cause movements hy stimilation of isclated pyramids or record synchro-
nous discharge from ventral roota. However, he observed that pyramidal
stimulation did influence evoked monosegmental reflex discharges.

Short trains of three or more pyramidal shocks resulted in facilitation
of both monosynaptic and polysynaptic reflex ares. Polysynaptic faci-
litation was observed to have a latency of 9=12 msec. following the
first pyramldal shock, whereas facilitation of the monosynaptic reflex
activity appeared after an additional delay of 2«3 msec. Facilitatory
effects persisted for 30-L0O msec. foliowing the cessation of pyramidal
stimulation.

Brookhart (6) and Landsu (23) have caused movements by high fre-
quency trains of stimulation to unisolated medullary pyramids in cats.
The pattern of movercnts observed were quite irregular and unpredictable.
Landau observed that the parameters of medullary pyramidal stimulation
necessary to cause movements were quite variable from preparation to

preparation and could vary considerably in the same preparation fron



time to time. Patton and Amassian (36) state that it is difficuls to
arrive at any conclusions from this type of study., In their opinion,
the possibility of spread of stimulus (o surrounding structures such as
the medial lemniscus or reticular formation was not adequately con-
trolled. Hovements @bs@fvad.may have resulted from excitation of these
structures in additlion to excitation of the cortico-spinal tract (36).

In cats, a species in which cortico-spinal fibers terminate exclu-
sively on internuncials, a single volley of impulses confined to
cortico-spinal fibers will not result in motor neuron excitation. It
may be concluded tLiat the facilitatery action of such impulses on both
the monosynaptic and polysynaptic reflexes is mediated through interw
muncial pathways. No inhibitery effects have bean reported in this
gpecies.

It has already been pointed oub that direct commections exist be-
tween cortico-spinal fibers and some motor neurons in monkays. The
limited number of studies on this form permit the conclugion that monoe
synaptically mediated facilitation of some motor neurcns does occur.
The possibility that inhibitory effects may alse be exerted by eorticoe-
spinal fibers has only recently been supported by experimental evidence.
Preston and Whitlock (38) published reports from a rather exbtensive
study on the spinal effects of motor cortex stimulation in menkeys with
large lesions of the mesencephalic reticulsr formaticn. This brain
lesion interrupted all descending tracts above the lesion with the axm
cevtion of the cortico-spinal and cortice-bulbar tracts. These invese
tigators noted a rather sterectyped triphasie influence of single

cortico~spinal volleys on moncsynaptic reflexes. After a brief, initial



period of facilitation, there cccurrsd inhibition of the menosynaptic
refiex, followed by & later pericd of facilitatisn which persisted for
about 20 msec. Small doses of nembutal blocked the observed inhibition
without altering the facilitation. Intra-cellular recording showed

- vhat cortical or pyramidal stimuli generaied only excitatory post syne
aptic potentials {epsp's) in soue motor neurons. In other motor nea~
rons, cortical or pyramidal stimulation generated only inhibitory post
synaptic potentials (ipsp's) with a latency consistent with the latency
for inhibition of the reflex. &timulation generated in other neurons
both epsp's and ipep's. This evidence led Prestor and Whitlock to the
conclusion that different cortico-spinal fibers may evoke sither faci=
litatory or inhibitory influenceg on spinal eord woior neurons. Since
the electrieal stimulation initiated sctivity in both tyoes of fibers
simultanecusly, it is understandable that both facilltaioryand inhibitory
influences were ohserved at different times after the cortical or pyra-
midal shock. Because of the latent periods invelved, and because the
inhibition could be blocked by anesthetics, Preston and Whitlock con=
cluded that the inhibliory and late facilitatory influences were medi-
ated over patimays invelving internuncial neurons,

Brookhart's study (6) involving stimulation of unisolated pyramids
in monkeys has been subjected to vhe same eriticism as has the similar
study of Landau (23) in cats (see above). llowever, the study appears to
shed soms light on the funetional significance of dirset cortico-spinal
motor neuron terminations. A careful analysis of the perameters of
pyramidal stimulation nceded %0 induce movements lad Brockhart to sug~

gest the following hypothesis: 1) large, low threshhold, rapidly



conductling cortico~spinal fibers Serminate primarily in relation to
motor neurons, and probably are responsible for the phasic clement of
corbico-spinal eontroly 2) smaller, higher tireshhold, more slowly cone
ducting fibers appeuar to terainate prineipally in relation to inter-
nearcns. These are prohadly responsible for the tonle aloment of

cortico-spinal lanction.

secendary pathways of pyramidal influence.

All the above hypotheses and observations concerning cortico-spinal

funcilon are based on the assumption that corticomspinal activity
reached the cord only by means of cortico-spinal fibers. That cortical
influences on motor neurons may be subserved by a secondary, liss direct
pathway haa been suggested by the anatomical findings of cortico-spinal
collaterals to the brain stem rsticular formation, and by sore of the
ohgarvations made by Preston and Whitlock (38). The ragulation of
spinal reflexes by reticulospinal influences has been well documsnted
by several studies (2, 21, 26, 31). Preston and Whitlock observed that
the latency of the delayed pericvd of facilitation of menesgynaptic re-~
flexes foliowing cortical or pyramidal stimulaticn was comparabia vo

the latency for facllitation of reflex activity following stimulation
of the reticuiar formation. Consequently, lhey were forced to conclude
thal this secondary facilitation could have been mediated by cortico=-
bulbc spinal pathways rather than dirveet cortico spinal pabiwayu. Fuare
thermore, no evidence was presented which elearly shows that the obe
served ighibition of monosynaptic reflexes was mediated only by cortico=~

spinal fiberg.
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Summagg

The funetion of the pyramidal svstem can he summarized as follows:
1) the cortico-spinal system inilucnces motor perfor-mnce by regulating
or modulating spinal reflexes through its influence on the excitability
of interneurcns. Cortico-spinal flibers wmay subserve an inhibitery in-
fluence ¢n reflex patterns; huwever, this phase of cortico-spinal action
is still poorly understeod., 2) Monesynaptic regulation of moter neuron
excitability originating from the cerebral cortex appears to be a recent
phylogenstic addition and has been noted only ia the higher primates.
3) Cortical control may be exerted by less direct pathways through cole
laterals of cortico~spinal fibers entering inte the brain stem reticular

formation.

Synaptic Activation of the Cortieo-ipinal System.

In all stndies presented above, cortico-spinal elements were ex~
eited by directly stimulating cartica~spinal neurons or axons. A nusber
of studies indieate other technigues are available for Initiation of
cortico=spinal activity. Adrian and Yoruzzi (1) noted the appearance
of bursgts of rhythuie cortical activity in the £-12 cyele per sscond
range in animals under barbiturate &neathesié. Jany of thess cortical
waves were accompanied by Lne dlscharge of impulses in cortico-spinal
fibers.

A cortlcal waveform similar bo that produced by anesbthcilcs can
be recordsd irom the cersbral cortex of animals with transseclion of
the brain stem at the level ol the mesencevhslen (L, 5, 7, 48). Bremer

{5) has termed the train of rhyth-de H=12 cycle per second cortical
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waves produced in this mannsr spindles or gpindle bursts. Hhitlock et
al (L8) and Brookhart and Zanchetti (7) havs shown that some spindle
waves excite corticospinal elemenis. This phsnomonon has been studled
using a "pyramidal® preparation in whiek a mesencephalic lesion is
carelully placed to spare cortico-spinal fibers in the base of the P~
duncle. Such a preparation will spindle actively and exclie corticoe
splnal eloments, bul the animal will remain gquiet (48).

Hhythmic stimulation of the ventro-lsteral ithalemas, internal
capsule or medial lanniscus produces a train of characteristic electro=
cortical waves, the augmenting response {11, 12, 3L4). Irockhari and
Zanchetil (7) have shown thai sbimulaiion of the vaatro=lateral thalamus
will acbivate eertiea~$pinal glements. The bursts ¢f impulses origi-
nabing at Lhe eortical level can be detected by recording corticoespinal

activity from the medullary pyramids.

Summary .

Thalamic gtimulation and spentanecus spindling synapbically drives
corticospinal units inle rhythmic bursts at a frequency of 8-12 eycles
per second (7). Cortico-spinal activity evoked in this manner will not
cause movemenis. Adrian and Woruszi have postulated thal the freguency
of cortico~spinal discharge is too low to excite spinal cord mtor neu-
rons (1). No effort has been made te best this lypothesis; MOTRCYET, - 19
attampt has been made to see whether cortico-spinal activaiion by these
Wic techniques hus any regulatory effect on ths axeitabllity of spinal

cird moboy newrons.



Statement of the Problem

The effects of repetitious corticoe-spinal discharge induced in
bursts or clusters by rhythmic low frequency stimilation of the thala=-
mus or spindle waves are completely unknown. The present series of
sxperiments was designed to test whether relayed cortico-spinal impule
ses generated by stimlation of the ventro-lateral thalamus or during
spontanecus spindiing could regulate motor neuron excitahility.

If one assumes that cortico-spinal activity will regulate the excl-
tability of spinal cord motor neurong, it should be possible to test
this assuwption by iniblating splnal reflexes in relation to bursts of
cortico=~spinal activity., If it is assumed that the magnitude of reflex
discharges reflect the level of motor neuron excitahility, any observed
changes in the magnitudes of reflexes during conditioning would be indie
cative of changes in the excitability of spinal cord motor neurons as a
result of conditioning., Utilizing the same type of experimental proce-
dure, it should be possible to test whether a temporal relationship bee
tween the inltiation of conditioning activity and the initlation of a
reflex 1s necessary for impulses from,%he‘cortiecuspimal tract to regu~

late the excitability of spinal eord motor neurons.
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METHODS

Cats were used in all experiments. The data to be discussed have
been derived from fourteen animals.

Under ether anesthesla, the trachea was canulated, and both carotid
arteries were isolated by means of loose ligatures. The animal was then
placed in a stereotaxic frame and the skull was exposed. Trephine holes
were placed to permit introduetion of electrodes into the mesencephalon,
thalamus, and pyramid, The right froatal cortex was exposed through the
frontal sinus. In order to avoid interference from anesthetlc depression,
a large lsegion designed to spare only cortico-spinal and cortico-bulbar
fibers in the basis peduncull was then made in the mesencapha;ié tegmen=
tum at the mideollicular level. Destruction was carried out by passing
high frequency electrical current between two sterectaxically placed
electrodes four mm, apart and insulated except for four mm. at their
tips. The coagulating current was supplied by a Burdick electro-coaguw
lation apparatus. A botal of five coasgulations was vequired to produce
the desired lesiun. Following this procedure ether was diascontinued.
The animal remained somnolent throughout the remaindsy of the experimen=
tal period. l

In those animals in which thalamic stimulation was used as the cone
ditioning procedure, a bipolar concentric electrode with a tip separation
of 0.5 mm, was placed stereotaxically in nucleus ventrslis posterclater—
alis.

It was necessary to mounitor cortico=spinal activity. One method eof
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monitoring is simply reccrding augmenting responses produced by stimue
lation of the vemtro-lateral thalsmus, and spontanecus spindle bursts

- from the meter cortex. This is a reasonable technique when using thala-
mic stimulation to generate cortico-spinal activity slnce each thalamie
stimulng will invariably evole a relayed corticoespinal volley (7).
Spindling is much more irregular, and will frequently cceur over one side
of the brain or over only one portion of the cortex {5). loreover, the
temporal relations between relayed nyramidal volleys and spindle waves
regoorded from ounetate focl on the cortex are not uniform (7, Lgle For
this reason, corbtico-spinal activity was monitored from a small electrode
placed ir the bulbar pyramid.

The mﬂhi%ariﬁg pyramldal electrode was introduced into the right
pyramid at an angle of 30° through the posterior cerebellum. Pyramidal
monitoring eleciredes were bipolarly eoneentric with a Lip separation of
about 2 mm. The gore wire was ecither tungsten or nichroms. The tips of
the core wires were tapered by electrolysis, and all electrodess used had
tip diametera ranging from 2-6 ma (1L, 20). These electrodes had the
advantage of being sensitive, smwall, and rigid. A properly constructed
electrode could penebrate easily the multiple pial barriers encountered
without distortion of the tip, and could be used several times. Hecause
of thelr small slze, very little pyramidal damage was produced by placing
these electrodes in the nyramids. Examination of the tissue histologi-
cally afforded confirmation of minimal damage due ¢ electrode penotra-
tion. This observation has been tested further. Helayed pyramidal vole
leys were recorded unchanged in awplitude or waveferm from the same elecw

trode reingeried distally in the same pyramid. Furthermore, it was noted



that the level of excitability of sgpinal motor neurons was altered dur-

ing spindling, 7The level of excitability of motor neurons during inter-
spindle lulls was different from that observed during spindling but did

not chaange after section of the pyre 1lds.

In preliminary experiments, an atterpt was made to elicit gpinal
reflexes by stimulating dorsal roots and recording from veniral roots of
the same spinal segment. The operative procedures involved with this
technique are guite extensive, and becsuse of traums  shock, and blood
loss, the animals subjected to these procedures either did not survive
surgery, or were in such poor condition that reflexes were mot cbtained.
This necessitated the employment of compromise techniques for elieitation
of reflexes. These weret 1) stimulating and recording from differ-
ent periphefal nerves (stimulate veroneal nerve, and record from tibial
nerve); 2) stimilating and_recar&iﬁg from the same mixed peripheral
nerve (stimalate sciatic nerve, and record from tibial nerve). The
former technique was used in five cats, and had the major disadvantage
that no monosynaptic reflexes eculd be elicited in this manner (28).
Since it was imperative to note the effects of cortico-spinal condl-
tioning on both the monosymaptie and pelysynaptic components of spinal
reflexes, bthe lalter technique was used in the majority of experiments.
Stimalation of a mixed nerve introduces an additional variable, that
of antidromic depression of motor neurons (29, 3°0). The degree of
antidromic depression should remain relatively constant throughout an
experimental pericd provided the parameters of stimalation remain econ-
stant throughout the experimental period (29, 30).

These nerves were approached by ineising the skin and fat over the
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popliteal space of the left leg., As great a length of tibial nerve as
possible was carefully dissected free frsm\surﬁaunding connective tissue.»
The dissection of the sciatic nerve was carried centrally past the emerw
gence of the nerves to the hamsiring mscles and, distally the #iblal
nerve was dissected until it began to break up into numercus muscular
brasches o the pluntar flexors of the foot. All musele branches of the
sclatic and tibial nerves were severed. Silver wire stimulating eleg=
trodes were placed hign on the seiatie trunk; and a pair of silver wire
recording eleclrodes placed near the cut end of the tiblal nerve. The
distance betlween stimulating and recording electrodes in all experiments
was about five centimeters. In those experiments in which the peroneal
nerve was used for stimulation, the peroneal nerve was dissected free
and placed on silver wire stimﬁlating eleetyodes.

Stimulating pulses were rectangular pulses led to the preparation
through isolation transformers. For thalamic stimulation, one second
trains of pulses at a frequency of eight per second were used routinely.
Pulses of 0.3~0,6 msec. duration and ahout five volts intensity were
usually sufficient to produce augmenting waves accompanied by relayed
pyravidal volleys. &timulatioh of the purivheral nerve was induced by
single pulses of .0l-.0h msec. duraticn; 1-2 volts intensity usually
produced an adeguate test respense. Acbivity frcm the pyramidal elecw
trode and perivheral nerve electrodes was lsd through preamplifisrs and
displayed ogeillegraphically. Ones ogcilloscope was used to display the
reflex, the other monitored pyramidal activity.

To better evaluate any effects of conditioning on spinal reflexes

and to test whether any eonditioning effects depended upon a eritical
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time relationship betwsen the elielistion of a test reflex and thalanmic
stimglstion oy spontaneous spindle waves, arrange-ente were made 0 mede
gure the Lime difference between the initiation of a test response and a
single thalamic stimulas or spontunecus spindle wave. The nerve stlimge
lus puise »as led through a capaciler to the vertical input of the
pathods ray osellloscope wonitoring conditicning astivity te produce a
vigible artifact on the record Indicating the time of imitiation of the
test rasponse. By varving delay functicnas, it was possible to kine the
ogeurrencs of the test response in olither of two ways. The tast res-
ponge eould be lnlilszted et any selecied time duriny the eatire train
ol thalamic sbooks or at any Lime during a burst of spindle weves., 4An
slternsbive delay function permitted tha ellcitation of the teal response
at any instant during a single svoked or spontensous wave included within
the bursts 7o seeure sn adequadle sampls, a routine practice of record-
ing slz 'est reflexes al & single delay setbing was adopled. In woat
exporinmenis, reflexes were tested following the bhird or fourth relayed
vollaye

fince Lhe spindline was spontanecas yether than evoked, it was nece
esgary t¢ vrovide o wmechanisn utilizing svontanecus aectivity o trigger
& tes'ling reflex, Thie wes aceomrlished By leading voltage from the
vertical deflection platss of the ocsillosenpe m&nitcriﬁg-myrQWE@al s
tivity to the trigger of a wavaform gencrater, When the vollsge on the
vei tival deflection plates due t¢ a spindle wave reached a eritical level,
the wavofors generstor wes triggered and produced a negative joing sawe
tocth which iripgpered the pulse penerabor providing a etimelus te the

periphurel nerve., Uy coarefully varyiog delsy satbings snlong the
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triggering sawbtooth, it was possible to vary the timing of the reflex in

relaticn to the spindle hurst or 2z single soindle wave.

Permanent reccrds of the oseilloseonieally displayed resvonses were
made by rhotographing the caseilleseope screenw, I was found degirable
o reeord the pyramdda’ respesse using ths excorsion of a2 beam stabion-
syy alopg its time axis and to record on rumaing film. The reflex wis
displayed 6n a moving beam and recorded on the same film. PFollowing the
mrecasaing of the filw, a phebographie @ﬂlarge? wag used w permit the
tracing of the responsss ento paper for more scourabe measurement.
seazur. ents of ampiitudes of moncsymaptic reflexes and aress of poly-
syasptic reflexss wsre made from the tracings. The menosynapticslly
initisted reflex discharge represents a highly synchronous dlscharge of
abor nevrons. The magniiude of this rasponse is most easily sscere
talned by a measurement of the amplitude of this discharge. The nolye
synaptically induced discharge iz 2 highly asynchronous discharge of
motor nsurens oceupying a much longer Juraticn and sxhibits a great
daal of terporal dispersicn. Its magnitude ecould be best estimabed by
meaguring Lhe lotal area of the response. Thls was accomplished by
nging a planimeter.

A% the completlon of esach experiment, the brain was injecited with
formalin through a carotid artery and allowed 40 harden in situ. Fole-
lowing removal and proper fixation in ten percent formalin the brains
ware blocked, frosen, and sectioned at 150-17% mierons. The wet sec-
tions were mounted on a glass slide and photographed by means of a
phobographiec enlarger (15). This technique permitted the location of

the position of thalaile and pyranidal electrode tips and the verifica=
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tion of the extent of mesencephalic coagulation.

Analysis of Data

All experiments were designed to permit thorough statistical anae
lysis of the resulte obtained. All vaw daia seorss of a‘single axperi-~
ment for amplitudes and areas of the populations of unconditioned regw
ponses were compared with amplitudes and areas for the populations 6f
conditioned resnoﬁses by a gingle classification variable analysiﬁ. if
the "F" number obtained by this analysis was significant, "t* iests were
perforned o compare thie means cbtained 13).

in experiments using thalamic stimulavion to provide cortico-gpinal
conditioning activity, il was possible o veplicate six responses at the
saue blwe laberval following a single thalamie stimuius in s train of
eights To inereuse the sample size without, at the same {ime, muiti-
plying the wourk of measurements ¢i these respinses, oach group of six
veplicativns was superiuposed (Lig. L)e From the superimposed tracings,
midrange values of monosyuaptie amplitudes and polyaynaptic areas could
be obtained. Standurd deviaiion for each greup oi six supsrimposed
replications was estimaveu from the range (13). The major disadvantage
of this technigue was that the only estimabe of an arithmetic maaﬁ for
each group §f six responses was the wmidrange, a none-paramstric statistie
{13}, %he estimate ¢f the standard deviation from the range with the
size sanple used is Y3.2 percent efficient {13},

cesulis obuvained from superimnosed bracings were analyved by two
techniques. bince mid-range values are not well adapted to standard

statistical vesting procedures, each miderange value for a group of six
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superimpesed rasmonses wss comnared by mesns of the sign test to the
mgsn valus vnconditioned raflex ragconses obbained in the same experie
mant. In this test the sign of the differencs of & eonditioned wide
range valus and the mzan vilae of unconditionad responsas wry rscordad,
Thiz oracedvre was rousated to sompare all mid-ranze valaes abtained
from a zingle exceriment with the mean of unconditionsd rasponses for
that experimant. The number of the less [rogquent sign la deslignated
®r®, The prohabls significases of Y2 differences oould then be asti-
r3ted within specified limits throngh the use of tables af "r" walues,

Tn order more vigorously 4o debevrins whether a critical factor of
Yime “etween the initiabion of a cemditioning vollsy and the loitlation
af a reflex existed, ths standard Jdeviatisng of th: Jata frow sach ani-
mal at a seguence of tims intervals wers subjected to snalysls of varie
ange. Thls procedure tested whether the seabbsr of excitabilibies could
ne affected by the time Inbderval between conditdicuning and btesting, To
asaiat the snalyzis of varlance, the tlme fllouning a thalamic shock wam
dividsd inte ten msec. inltorvals. The standard deviations of all res-
ponsas tseeurring in sach ‘on mses. interval were zrouped togobhar.
Standard daviaiiasns for all zroups of resvonses osecurring within 2-10
maec. of the initlatior af 2 si-gle thalamice stisalus formed oma cabow
zorye Thosa from 11-20 msec., anchhar sategory, and s0 on. If a signie
ficant PP awnbar was obtained, the mean standard deviation for each
scategory was comparsd to all other catezories by "t" tests.

In animals in which spontanecus spindles provided cortico-spinal
conditioning activity, it nroved iuzposaible to inlitiate six reflexes

with the ldentlesl relationshins to relayed spindle velley. For this
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RESULTS

Conditioning.
Corticowspinal conditioning activity, whether gencrated by thalamic

stimulation or spontanecus spindling, was monitored by electrodes placed
-in the medullary pyramids of all cats,

A relsyed volley produced by electrical stimlation of nucleus ven=
tralis posterolateralis arrived at the pyramidal electrode after a delay
of about ten isec. The fourth and fifth of a sequence of eight relayed
voelleys svoked by thalamic stimulation are illustrated at the bottem of
figure .. The predominant positivity of the evoked response is pre-
sumed %o be the result of recording from killed ends of pyramidal fibers
(35). A second artifact is seen after the fourth response. This repree
sents the artifact imposed on the record from the pulss generator pro=
viding the peripheral nerve stimulus. It was presumed that the measured
interval between thalamic stimulus and the nerve stimulus was the time
interval between the initiation of the two responses. The upper portion
of figure 1 illustrates six reflex diseharges which were initiated at
the interval of time indicated on the pyramidal recording. These reflex
discharges were traced in the superimposed fashion indieated. A further
deseription of the reflex will follow,

The first four relayed volleys generated during a spindle turst are
illustrated in figure 2. HNote that the predominant waveform of this type
of relayed activity is alsc positive., The artifact which distorte the

third relayed volley was again taken at the time at which the peripheral



Figure 1

CHARACTERTSTIC EIANPLES OF REFLEXES AND RULAYED CORTICO-SPINAL VOLLEYS

DURING A TRATN OF AUG ZHTING WAVES EVOKED BY THALANIC STTMULATION.

The upper portion of this figure illustrates six rgflex discharges
recorded from the tibial nerve following stimalation of the tibial nerve.
For each response, the stimulation of the nerve oeceurred at the same ine
terval following the fourth thalamic stimulus in a train of eight. The
gap in the recording that occurs immediately after the stimulus artifsct
represents the action potential transmitted distad as a result of direct
excitation of fibers of the tibial nerve. The sharp negative wave bew
ginning five msec. after the stimulus artifact is the result of mono-
gynapbic activation of motor neurons of the spinal cord. The latier
group of negative waves is the polysynaptic reflex.

The lower portion of the figure illustrates the fourth and fifth
relayed velleys of a train of eight relayed volleys evoked by stimulation
of nucleus ventralis posterclateralis. The recording electrode was in
the ipsilateral medullary pyramid. The artifact following the fénrth
relayed velley is the artifact imposed on the record from the pulse
generator supplying the stimulus to the tibial nerve in order to evgke

the reflex discharge. Time and voltage calibrations zs indicated.
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Figure 2

TYPICAL EXAMPLES OF A REFLEX AND RELAYED CORTICO-SPIMAL VOLLEYS
ACCOUPANYING SPINDLING.

The upper figure is a reflex discharge ovoked by tibial nerve stimu=
lation. HNote agaln the characteristic features of the reflex response.
The lower figure illustrates the first four pyramidal volleys accompanyw
. ing a spontanecus spindle burst. The artifact which distorts the third
volley is the stimalus artifact imposed on the record to denote the
instant of peripheral nerve stimulation. Tais example is typical of

the pyramidal activity recorded from a spindling cat.
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nerve was stimulated. The interval between the onset of positivity of

a given relayed volley and the artifact is taken to be the time interval
between oconditioning and testing. The upper portion of the figure is a
vhotograoh of the reflex discharge initisted at the time interval indie

cated on the lower tracing.

Testing.
Reflex responses obtained by stimulating and recording from the

same peripheral nerve wsre similar in waveform Lo those obitained by
Lloyd (2%). Examples of this complex response are seen in figure 3
The inmitial porticn of the recording, follewing immediately after the
stimulus artifact, ls actually a gap in the tracing. This gap repre-
sente the interval acéupi@d by the action pﬂtgmﬁia& iransmitt@& distal
as a result of direet stimulation of the fibers of the tibial nerve.
The sction potential does not appear on the photograph because of its
rapld time course and high amplitude. The sharp negative wave beginning
5-6.5 msec. after the stimulus artifact is produced by highly synchro-
nous impulses evoked by moncsynaptic activation of mubor neurons in the
spinal cord. The latbter portion of cach reflex, made up of a complex
series of negative waves, reprasents the pelysynavtically induced reflex
discharge. Because of the duration and high degree of tamporal disper-
sion of the polysynaptically induced discharge, its magnitude could be
best estimated by measuring its total area.

All testing reflexes were elicited by suprathreshhold but not maxie
mal stimulation. Parameters of stimulation necessary to elicit these

reflexes were similar in all cats. Single pulses of le3 volis intensity



Figure 3

EXAMPLES OF CONDITIONED AND UNCOWDITIONED REFLEXES
OBTAINED BY STIMULATING AND RECORDING FROM THY TIRIAL NERVE.

The conditioned reflexes were elicited in relation to thalamicaily
evoked relayed volleys which were recorded from the medullary pyramid.
ixamples are presented from three separate experiments represented by
columas A, B, and C. Hote the variability in the magnitude of ths indie
vidual components of the reflexes obtained in different experiments.
Time and voltage calibratian are indicated at the bottom of each column.

Description of the reflexes is in the text.
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and 0.01-0.0h msee. duration wera usually sufficient to elicit an ade-

guate testing reflex.

Analysis of Hesults.

A description of the statlstical tools used to analyse the data has
been described above. The amplitudes and areas of contitioned responses
wore compared to the amplitudes and areas of unconditioned responses
using single unit variable analyses, "t" tesis, and sign tests. The
mesn Level of excliability of the motor nearon pools tested would be
reflected by significant alierstions in these measurements.

The resulis from all experiments are summarized in Table I.

Golumn ®I® of this table is a statement of the ﬂhénges in amplitudes and
areas of all conditioned reflex discharpes compared o all unconditioned
reflexes in each experiment, The refleves were either initiated at un-
selected times during the entire train of conditisning activity or at
selacted times during a short segment of the train. The roflexes tested
in Experiments 1-3 were elicited randomly over an envire train of elght
thalamic stimuli, A1) the refliexes ohiainad from spundling cats were
obtained in a similar random relationship to spindle bursts {(Bxps 11~1k).
In Experiments l,-10, the reflsxes tested were elicited during the period
of a single velley in a train of sight thalamlcally evoked relayed vol-
leys. Reflewes were initiated during and following the second relayed
volley in Experiment 7; during and following the third volley in
Experiments b, 5, and 8; during and following the fourth vollsy in '
Experiments 6 and 10; and during and following the fifth volley in

Experiment 9. Column "H" of Table I lists the "t* score or "r" value
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obtained when comparing the conditioned and unconditioned amplitudes and'
arzag for each expsriment. AlL these values but three are significint
at the 95 percent confidence level,

Honosynaptic reflexes evoked during relayed pyramidal volleys proe-
duced by thalamic stimmlation were utilized in five cats. The mono-
synaptic reflex was facilitated in one of these cats (Exp. 7). This
observation indleates that thalamic stimulation raised the level of
excitahility of the motor neuron poels tested in this animal. The monow
gyraptic refiex was depressed by relayed discharges evoked by thalamic
stimulation in three other cats (Exp. 6, 9, and 10). Graphic illustra-
tions of Uhe resulis obtained from twe of these preparations (Exp. 8
and 9) ave presented on graphs ™4% of tigures b and 5. Significant de-
pression of the mouwsynapbic reflex in these preparabtions indicates that
relayed cortico-spinal volleys evoked by thalamic stimulsiion resnited
in & decreage in the level of exeitability of the motor neurons tesied
in these animals,

This same type of varisble reaction of the monosymaptic reflex to
conditioning existed when relayed cortico-spinal velleys accompanying
apontareous spindling were used as the conditioning procedure. The
monogynaptic reflex was facilitated in twe spindling animals {(Exp. 11
and 13) and depressed in twe other animals ( Exp. 12 and 14}, The
results from Experiment 12 are illustrated in graph "A® of figure 6.

Polysynaptic reflexes were either facilitated or depressed during
cortico-spinal conditioning activity. Cortico-sninal volleys evoked by
thalanic stimulation facilitated the polysynaptic reflex in five cats

(Bxp. 1, 3, Ly 5, and 8). Hesults from Experiment 8 are illustrated in



Figure b

GRAPHIC ILLUSTRATION OF THY CHANGES IN THE MAQNITUDE OF THE
IONOS TNAPTIC AND POLYSYNAPTIC REFLEX DISCHARGES
AS A RESULT OF THALAMIC STIVULATION.

Oraph "A* illustrates the changes in amplitude of the monosynaptic
reflex before, during, and after the third volley in a train of eight
thalamically evoked reluiycd volleys. UGraph "B* illustrates the changes
in area of the polysynaptic reflex, The initiatimh of the thalawic stie
mulus is at time zero. The relayed volley was recorded from the level
of the medulla about ten msec. later and pursisted for 2025 msec. In
each graph the selid line represents the mean value of unconditionsd ree
flexes. The two dotied lines express two standard deviations sbove and
below the mean., Hach plotted point represents the mide~range of six BUpET=-
imposed responses tested at the time intervals indicated. The langth of
the vertical lime through each point denotes two standard deviations on
either side of ‘he mid~range. In this particular experiment, the mono=
synaptic reflex discharges were depressed during the interval ceccupied by
the train of conditioning volleys. The polysynaptic reflex was facilita-
ted during the interval ocecupled by the train of conditioning volleys.

The amplitude seale of graph "A" should read uV.
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Figure 5

GRAPHIC ILLUSTRATICN OF THE CHANGES IN THE MAGNITUDZ OF THE
MONOSTHAPTIC AND FOLYSYNAPTIC REFLEX DISCHAKGES
AS A RESULT OF THALAMIC STIMULATICN,

The graphs are identical in form to those in figure L. The sero
time represents the initiation of the rifth thalamic stimulus in a train
¢f eight. In this experiment both the monosynaptic reflex and the poly=
synaptic reflex were depressed during the interval occupiled Wy the train

of thalamically evoked relayed volleys.
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Figure &

GRAPHIC ILLUSTRATION OF THE EFFECTS OF SPIKDLING
ON SPINAL RFFLEXES IN A SINGLE CAT.

Again Graph "A® illustrates the changes in amplitude ¢f the mono-
synaptic reflex during the pericd ¢f a singie relsyed volley accompanying
spontaneous spindle waves. Uraph “B" illustra'es changes in the areas of
polysynapbic reflexes. The first dowmward deflection of the relayed
volley is taken to occur at zero time. 'The relayed volley persists for
about 2530 msec. The heavy dotted line represents Lhe mean of the cone
ditioned reflex discharges. The two dotiled lines on either side of the
megan express two gtandard deviations above and below this mean. The
heavy solid line is the mean of the unconditioned responses. The hatched
lines exoresa two standard devistions above and bslow this mean. Zach
vlotted point illustrates the amplitude or area of a single reflex
avoked at a specific time interval following the inltiation of the
second relayed volley accompanying spontaneous spindle waves. In this
oreparation spindling depresssd both the monosynaptic and polysynaptic

reflex discharges.
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graph "B% of figure h. Relayed cortico-spinal volleys initiated by
thalamic stimulation depressed the velysynaptic portion of the reflex
discharge in four cats ( Exp. 2, 6, 7, ard 9). The results from
Experiment 9 are illustrated on graph "B" of figure 5. The polysynaptie
reflex was facilitated in one spindling cst (Exp. 11) bub depressed in
twe others (Exp. 17 and 1h), Corticc~spinal conditloning, whether ini~
tiated by thalamic stimalation or spindling, did not alter the areas of
wlyé;mapti& reflexes in two cats (Bxp. 10 and 13).

It was a general rule tnat if conditvioning changed the magnitude
9% eme portion of the reflex in one way, the magnitnde of the other
portion of ihe reilex was changed the saue way during conditionlug. In
Experimeni 1L, bobth the menosynaptic aud polysynaptic porticns of the
reflex discharge were facilitated. In Experiments?, 12, anc i, both
ke wonosyuaptic and polysynaptic reflexes were depressed. Thers were
excopbicas e this rule, however. In Hxperiments 6, 10, and 13, anly
cue portdon of the reflex was changed during conditioning. In Experiment
75 the moncgynaptic reflex was facilitated while Lhe polysynaptic refiex
was depressed as a result of the eortico~spinel volicys evoked by thu-
lamic stimnlation. In Experiment 8, the moncsynaptic reflex was de-
pressed, ub the polysymaptic reflex was facilitated under apparently
similar gircunstances. These chsorvaticons indleate that excitabilities
of motor seursns and interneurons in the two reflex vathways can be alw
tered independently by conditioning volleys of cortico-spinal acbivity.

The comparison of these aggragate values for all reflex responses
by this type of analysis indicates that relayed volleys in cortico-

spinal fibers altered the level of motor neurcn excitability. While
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such a comparisen of agyregete values can reveal trends in excitabili ity
over the enbtire testing peried, it connct xwvaa& the presence or agbsence
af cyclic alterations in exeitability tempornlly relatad to the relayed
eertico-gpinal velleys. Such information could be gained only from the
study of reflex responses evoked at numercus short intervals hafcre,
during, and after = single relayed velley, The informeticn bearing on
this point is illustraied in the graphs presented in figures li and %.
In each of these experiments, the relayed velley wes initlated approxi-
mabely ten msec. after the thalamie shock ab time zetre, and endured for

2025 msecs 12 significent alteralicns ir reflex amrplitude or ares
cecurred wihich differentiated this perice from thet perisd L immedictely
brecediny, or following the relayeu volley.

It was immaterial wideh of the waves of a brain was se cted for
vemperal [{ractionstion; no significant slteratisus in reflex response
¢could te delected in relation to any single relayed volley. Sipilar ree
sulbs have been obteined by fracticnation of the relayed volleys followw
ing betl augmentation and spindling. It would thus appear that the in-
fluence of the relaysd velle eyes persisls unlisrsly throughout the period
of the conditioning train.

Yhils insgpection sf tre rsgults fails to revesl gyclic slteraticns
in exeltedility temperally rsletad to the relsyed eorbico-splnal volley,
it is possidble bhat a tewporal relation does axist., The e wonogynaptic
reflex illusirated grakleally in figures L and § appears to be faclli-
tated abtoul 37 meee. aftar the initiatior ¢f a thalarie sti irmulus. It is
imporiant te best wmhether this apparsnt fasilitetion is real or simply a

variadion of excitability unrelated temaerally “e the relaved corticom
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sninal volley.

Thig possibility has been tesled by subjecting to an analysis of
variance, the standard deviatlons of amplitudes and areas of refiex dig-
charge rocorded at specific times during and alfter an evoked relayed
volley. It hag alroady heen shown thad sonditicning activity will alter
tha mean lovel of mo%or nsuron exeitability. Ii i2 reasonable to assume
Shat eonditioning eculd regalt in changes of the scatbsr of excitabilie
ties aboub the mean conditioned level of excitahility, Chsnges in seate
har of excitabllities temmoryily related o a rolayed vollsy of corticow
spinal aebivi-y wouli he detected hy a si-aificant “I'" mmber obtained
by an analysis of the varlancs.

This analysis was performed on the results obbained from pres 3pONses
inttiaved 1o rolailon %0 a single velley of cortico-soinil agsivity
svoked by stimulabicn of the thalamis. The "I'" nushers obiained from
Sroeriments hel0) for Lhese analyses are 1isizd in coluam "G" of Table I.
“ona of these values ls significuant. Again, 1t mace no differensa which
wave of reliyed cortloo-gplnal achivity was shiosen for fractionation.

Sines 1% nmay be conaldsred bhat the techalgne wsed for temporal
groaping of the standard deviations is rather artificial, analyses were

performed on gstandard deviations grouped in 20 wazec. intervals, 30 msecs
intarvals, and gronped randorly with 2o regard to the temnral pelatione
ships 2f the responses 19 a relayed eartico-spinal vollev. Mo sipnifi-
eant changes of the scatbor of excitshilities eould be detected. This
indicates that the sesiter of excliabilitiss of sonditioned motor neurons

does mob wary signifizantly thronghont the interval between relaved

volleys.
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- Individual reflex discharges were subjected to the same type of ana-
lysis in Experiment 1h. In this experiment, adequate temporal fraction-
ation of the second rslayed volley accompanying spindle bursts was
achieved. The rssults of the analysis indiecate again that significant
variations in either mesn level or scatter of excitabilities did not
ogcur.

This type of analysis clearly demonstratcs that no significant
cyelic variations in moter neuron excitability occurred which were
temporally related to a velley of cortico-spinal activity. This type
of analysis also confirms the observation that the influence of the
relayed volley persists uniformly taroughout the period oceupied by
the conditloning train. Unfortunately no information is available to
indicate how gsoon the conditioning effects were present after the
initiation of the first volley of cortico-spinal activity, and no in-
formation is available %o indicate how leng the alteration of motor
neuron excitability persisted after the end of the train of conditicne

ing volleys.
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DISCUSSION

The results of these experiments can be summarized in a few simple
statements. Thalamic stimulation and spontaneous spindling whiech evoke
relayed volleys of cortico-spinal activity may alter the level of exci~
tability of spinal cord motor neurons. This was evidenced by changes in
the amplitudes of monosynaptic reflexes and in the areas of polysynaptic
reflexes daring conditioning. Conditioning could sither raise or lower
the exelbability of motor neurons, but it was impossible to predict from
experiment to sxperiment which form of alteration would occur. The inter-
val between conditloning and vesting appsared to make no dif erence, and
the regulatory efiects persisted unifermly throughout the interval occu-
pied by the train of conditioning volleys.

Are the resulbs valid, or are they some sort of odd experimental
quirk? All results presented are bssed on careful statistical analysis.
All analyses performed are based on the mull hypothesis, i.e., one pop=
ulation is no differsnt irom any other population of comparable entities.
An example in terms of the present experiments would bet +the population
of conditioned resvonses is no different from tie ponulation of uncondi-
tioned res-onses. If a particular test shows that the populations are
different, it must be proved that they are not different. Conversely,
if testing shows the pooulations to be the same, it must be proved that
they are not the same. Statistical analysis has failed to support the
nall hypothesis in a majority of the experiments. It must be concluded

then, that ths resulis are valid and give a true indication of the changes
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of the excitability of spinal motor neurons during the t{ypes of condi-

tioning procedures employed in the present series of expsriments.

Inter-animal Variations

The atiempt to understand the meaning of the results constitutes a
rather complex problem. It would appesr that presumably identicsl pro-
cedures could, in one animal, cause onc offect #ﬁd, in another énimal,
cause the totally opposite sffact.

A pogsible explanation of Lhis phenomenon can be gained by an exa-~
mination of the experimental procedure. All preparations were unanss-
thetized and were net rendered immobile by using curare-ilke drugs.
Because peripheral nerve stimulation did canse movements and 3 large
wovement artifact, it was necessary Lo lmmobilize both hind limbs
securely. This was accomplished either by taping the two hind limbs to
upright rods fasiened to the top of the work table, or by fastening both
hind limbs to the legs of the working table by means of heavy cord.
Fagtening the cat in this vanner stretehed both lower extremities and
andoubtedly activated Yo a high degree strebteh receptors of both iimbs.
The cord and tape must have activated cutaneous receptors. The effects
of this sénaory activation on cord interneurons ls unknown, and was cer-
tainly not the same from experiment to experiment as it was imposgsible
to duplicate this exverimental varisble from day tc day,

The reversal of cortico-spinal regulatory effects from cat to cat
eould be explained because of this experimentally induced variable, The
level of interneuron excibability prier te the arrival of cortico-spinal

conditioning could conceivably add to the dominant effect present in the
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conditioning velley; however, it is doubtful that this adequately exploins
the reversal noted. Preston and Whitlock (38) found that stretching of
the hind limbs ¢f thelir preparations did change the absolute level of une
conditioned motor neuzron excitability in thelr oreparations, but didnot
alter the hasic pattern of ecortico-spinal Influence. It aposars doubtful
that the preconditioning level of excitability of ths inierneuron and
motor neurcn could be solely responsible for the revers:l in conditicning
effects seen in different preparaticons.

ther possible explanations may be found by examlning the possible
vathways over which the conditioning aetivity may have reached the cord.
In addition to the direct cortico-spinal fibers, the large mid-brain
lesion alse spared corticc-hulbar pathways. Impulses in either of those
pathways could have excited elements of the brainstem reticular formation
over cortico~bulbar fibers themselves or over gollaterals from cortico-
spinal iibers, both of which termlnate in the reticular formation {39, L2).
Conditioning activity theun could reach the cord over cortico~spinal
fibers and reticulo-azpinal patbways, It is possible that the degree of
reticular influence could vary from cat to cat “ecause of differencss in
the cats' general condition. Plood loss, anoxia, and zhock mey ilmpair
retieular function and this influenes could certainly vary from animal
to animal.

Although the lesion was placed in such a fashion as to spars
cortico-spinal and corticos-bulbar fibers, the lesion zlso spared a small
portion of the perlagueductal grey matter. The superisnce which has
been gathered with the use of this mesencerhalic lssien in this and

other laboratories has indicated that the probability of the developmant
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of cersbral edema is greatly reduced if the agueduct of Sylvius is not
destroyed by the lesion. In crder to prevent encroachment of the lesion
on the agueduct, a small amount of central grey substance was left
intact to forestall the appiearance of cerebral edema. The amount of
this portion of thé brain-gien spared from day to day was by no means
congtant, It is possible that the different regulatory offect seen in
different cats could in part have been dus to the day te day variation
in the amonnt of neriaqueductal grey matier asvailable for cenduction of
descending influences.

One othar important pathway was soared by the losien, The medial
one-fifth and the latersl one~fifth 2f the cerebral peduncie conbtain
cortico~-ponting fibers which may influcnes cerehellar function over
relays through the pontine nuclei. ¥hile the lesion usunlly encroached
upon the lsteral portion of the peduncle, the medial portion of the
peduncle was spared routinely. Thus, a major sourcs of cerebral input
to the cerebellum was left intact. Since ne attempt was made to ianter-
rupt patiways conveying descending cerebellar influences, it is possible
that regulatery influences were sediated in part through the cerebsllum.
Cerebellar funchtion msy, in part, explain the inhibition of motor neurons
observed (L3)s It is also quite possible that the degree ¢f cerebellar
influence could have varied from day to day. Two fauctors could have been
responigible for a variasble degree of cerebellar influence. The input to
the carebellum from the cerebrai certex could have varied from day to day
depending uvon the extent of the mid-brain lesion. Cerehellar function
could have varled from day to day due to the general condition of the

cats. The cersbellum could have been depressed in anoxic cats (LS).
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Since the animals breathed spontancously, any number of undetected
changes in the animals could have occurred which resulted in a relative
anoxia of a magnitude sufficient to have depressed cersbellar function.
Any or all of the possible explanations offered could have caused
the different effeet seen in different cats. It is impossible to state
which meehanism was the most important. It is more reasonable Lo assume
that conditioning effect observed was due to varying degrees of inter~
action between all the factors mentioned. It is readily aprarent that a

number of pathways is available for mediation of ihe conditioning activity.

Hechanism of Conditioning

In the majority of the present experiments, coac¢itioning either
raiséd or lowered the exeit&bility of spinal cord mutorbneurans. The
mechanism by which the excitability of motor neurons was raised appaérs
te be fairly clear. Thalamie stimulstion and spontanecus spindling
excited cortical elements that subserve a faeilitatory influence on
motor neurons. This facilitatory influence must have been mediated
over pabhways spared by the mesencephalic lesion. At this peint, 1t is
temoting to conclude that the cortico-spinal pathnny'ﬁas ithe only one
involved since it i known that the cortis@~s§;nal tract conveys faci-
litatory impulses (27,38). However, depression of motor nsuron exolta=
bility was also noted as a result of volleys of conditioning activity.

It is more difficult to account for the mechanisms involved in the
depression of mctor neuron exeitability ohaerved in the present gseries
of experiments. The magnitude of spinal reflexes may be depressed if

the motor neurons or interneurons are inhibited, or if the incoming



sengory volley is cccluded.

It is possible that cortico=-gpinal volleys could have ocecluded in~
coming sensory volleys at interneurons shared by cortico-spinal fibers
and primary afferent fibers. If such ceclusion had occurred, the evi-
dence of its exlstence would have sppeared in the form of dapraasinnbaf
the polysynaptlc component of the reflex discharge. Such ccclusion
could depress the amplitude of the monosynaptic reflex discharges only
if mobtor neurons were activated by the cortico-apinal volley ibtself. In
ng expariments were motor neurons activated by volleys of cortico-spinal
activity. Consequently, it may bs concluded that the process of occlu-
slon is not involved in the dspression of reflex activity noted in these
sxperizents.

I% appears more likely that thalamic stimmlation and spontanecus
spindling activated cortical elements which subserve an inhibitory in-
fluence on the excitsbility of spinal card.m@toi neurons. This inhibi-
tory inflience wmist have been mediated over pathways spared by the mid-
brain lesion. This hypothesis is supported by Preston and Whitlock (36)
who recorded ipsp's from motor neurons following single cortical shocks
in pyramidal monkeys.

It is unlikely that the inhibitory influences were mediated over
the cortico-spinal tract. Lloyd (27) observed only facilitation of motor
neurons {nllowing stimalation of isolaled bulbar pyramids. Preston and
Whitloek (32) were unahle to prove that the inhibition cbserved in their
study was mediated by the cortico-gpinal tract., Thus it is more likely
that inhibitory influences were mediated over pathways other than the

cortico-apinal tract,
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Iwo posalble pathways appear to be the most likely to be responsible
for mediation of inhibition. The caudal portions of the medullary reti-
cular formation are known to have an inhibitory influence on spinal
moter neurons (26, 31). HNumerous collaterals of cortico-spinal fibers
terminate in this region of the reticular formation (39, h2). Thus, one
possible pathway for inhibition iz over reticular-spinal fibers. Another
important pathway of inhibition is through the cerebellum (26, L3). It
is quite posgible that the cerebellum was activated by some of the condi-
tioning volleys which were relayed over pontine nuclei. The cerebellar
inhibition would then have been relayed over reticulo-spinal fibers.
Either, or more likely, both pathways could have mediated the inhibitory
influence observed.

Since both facilitatory and inhibitory effeets were noted, it can
be postulated that the effech seen in any one animal represents the net
effect of opposing facilitatory and inhibitery influences on the motor
neurcn pools tested. Apparently this net effect can differ from day to
day, and can independently alter the level of excitability of the motor
neurons and interneuron which constitute the wonogynaptic and polysynap=
tic reflex pathways.

| Another question concerns the persistence of the regulatory effects.
In all cats, the regulatory effect persisted uniformly throughout the
Interval occuplied by a train of conditloning activity. One possible ex~
planation is that a cortico-spinal volley was temporally dispersed over
a duration sufficient to cause the prolenged regulation of motor neuron
excitability observed. Lloyd {27) observed that onme pyramidal volley

which was temporally dispersed over a 7-8 msec. period at the level of
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the lumbar cord resulted in facilitation of motor neurcns which had just
previcusly been conditioned by 2-5 pyramidal volleys. This facilitation
persisted for 30-40 msec. Thus, it is possible that a volley of cortico-~
spinal activity evoked by thalamic s%imulatiﬁn or spontaneous spindles
which is dispersed over an interval of 35-L0 ésec. at the lumbar cord
could result in the regulatory effects which persist for at least 100«
130 msec. following a thalamic stimulus or spindle wave.

Another possible explanation is again based on the assumption that
the conditioning volleys activated patlways other than the cortico-
spinal tract. It would appear that conditioning activity arriving at
the cord is dispersed temporally to a great extent by a multiplicity of
synaptic delaya, and because the activity arrives at the cord over pati-
ways which conduet at vastly differing veloeities. If this is true, the
conditioning velley reaches the cord as a highly asynchronous temporslly
dispersed trainm of activity arriving over a variety of different pathe
ways. This temporally dispersed activity could mainbtain the level of
motor neuron activity over a long interval of time.

It is possible that conditioning sctivity was {temporally dispersed
over pathways involving the cerebellum, and in particular, the reticular
formation. This hypothesis is supported by the observation that repetl-
tive stimulation of the reticular formation has a prolonged influence om
the excitability of spinal wobtor neurons. This influence will persist
for as long as 1-2 seconds following reticular stimulation (2, 21). If
it is assumed that thalamic stimulation and svontanecus spindles acti=-
vated reticulo-spinal pathways, the prolonged discharge from thess ele-

ments could have maintained the level of motor neuron excitability.
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Preston and Whitlock (38) have suggested this mechanism to explain the
secondary period of facilitation observed in their study. They found
that single shocks to the medullary reticular formation resulted in faci-
litation of the monogynaptic reflex after a latency almost identical to
the secondary facilitation afier a single cortical stimulus. The even
more persistent regulatory influence observed in the present experiments
could have been due to rhythmic 8«12 par 5ecmnd activation of rebicular
units. |

It is evident that the level of sxcitability of spinal motor neurons
is altered by repetitious cortical activity thst evokes volleys of
cortico~-gpinal activity. It is not likely that these regulatery influ-
ences were mediated solely over direct cortico-spinal pathways. HNore-
over, it is impossible to delineate which effect is priwarily cortico-
spinal, An analysis of pathways available reveals that the conditioning
activity could have been mediated over the cortico-spinal tract, reticulo-
spinal pathways, and over pathways involving the cerebellum. Facilitation
of motor neurons was observed in those cats in which the predominant
effect impinging on the motor neurons and interneurons of the cord over
the multinle patlways mentioned atove was facilitatory. Inhibition was
obgserved in those preparations in which the mr&da@inant effect was inhi-
bitory. In an intact functioning animal, these effects are undoubtedly

blended in such a way that smooth, purposeful movenm-nts result.
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SUMMARY

1. The effects of activation of the cortico=-spinal system on the exclw
tability of spinal cord motor neurons have been studied in unanesthetized
cats with large lesions of the mesencephalic tegmentum designed to spare
cortico=gpinal and cortico~bulbar pathways of the cersbral peduncle.

2. Conditioning velleys of cortico-spinal activity were evoked by sti-
mulation of the ventro-lateral thalamus and by the spontaneous spindle
mech&nisms, both operating at the cortical level. Changes in the exci-
tability of spinal motor neurons as a result of conditioning were detec~
ted by comparing the magnitudes of spinal reflexés obtained during cone
ditioning with the magnitudes of unconditioned reflexes.

3. Thalamic stimulation and spontaneous spindle bursts which evoked
volleys of relayed cortico=aspinal activity raised the level of motor
neuron oxcitability in some cats, but lowered the level of motor neuron
excitability in other cats.

s Observations indicate that the eonditioning volleys could indepen-
dently alter the excitability of motor nsurons and interneurons that
make up the moncsynaptic and polysynaptic reflex pathways.

5. No eyclic variations of motor neurcn excitability related tempor-
ally to a relayed velley could be detected. It appeared that the con-
ditioned level of motor neuron exclibability persisted uniformly through-
out the interval occupied by a train of conditioning volleys.

6. The results have been extensively discussed. It is likely that the

conditioning effect seen represents the net effect of opposing facili-
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tatlon and inhibition converging on the interneuron and motor neuron
pools of the cord from a nuwber of different sources activated by

thalanic stimulation and spontaneous spindles.
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APPENDIX

The following are the analysis of variance tables for the single
classification analyses performed on the results from Experiments 13
and 11«lh. ®%" scores for each experiment are tabulated at the bottom

of cach analysis of variance table.



July 3, 1959

SUMS OF SQUARES  4f

CATEOORY WEA4S hli.52 1
WITHIN 5.17 56
TOTAL L9.69 57
t = /LSLLES = 20,13

tg5(56) = 2.01

Jaly 9, 1959

S0NS OF SQUARES  df
i

CATEOORY WEANS 9.3

WITHIN b3e7 99
TOTAL 53 100
t = /21013 = 159

t95(99) = 2.00

July 13, 1959

SUNS OF SQUARES  af

CATECORY MEANS 1,01 1
WITHIN 347k L6
TOTAL Le75 L7

t o= ,-"EE.SE - BQgS

b95(k6) = 2.02

HEAN SQUARES
bli.52
0.098

MEAN SQUARES
93
okl

MEAM SQUARES
1.01
08

AL
L

¥
L5k.85
F?S(ls §3) = L0k

}?
21413

Fos(1, 99) = 3.9k

F
12.62

Fo5(1, L7) = L.06



Auguat 31, 1?59
Honesynaptic reflex

STME OF SQUARES 4df
CATECORY MLANS 23,10 1
WITHIN 56,634 20
TCTAL 79,778 21
b = fbb.L\? “20%
95(20) = 2.09
August 31, 1959
Polysynaptic reflex

5045 OF SQUARZS  af
CATECORY WMEANS 6.69 1
WITHIN 1h.68 20
TOTAL 21.37 21

t = /9.08 = 3.04

tg5(20) = 2.07

WEAN SQUARES
23,10
2,831.7

MEAN SQUARES
6.69
0.73

¥
8.17
Fog(1, 20) * h35

F
9.16
Fg5(1, 20) = L.35



October 2, 1959
Honosynaptic roflex

SUMS OF SQUARES 4f
CATECORY MEANS 8630 1
WITHIN 26946 27
TOTAL 35476 28
t = U058 = 2,94
tos(27) = 2.052
October 2, 1959
Polysynaptic reflex

SUMS OF SQUARES gf
CATEGORY HEANS 8,96 3
WITHIN 12.06 27
TOTAL 21,02 28
t = ,!'1{'.;:91 - l&t}.&é

Y95(27) = 2.052

AEAN SQUARHES

8630
998

HEAN BQUARES

8.96
0.5

55

3465

¥
1991

Fog(1, 27) = L.20



October 6, 1959
Honosynaptic reflex

bo5(32) = 2.0k2

BUMS OF SQUARES  df
CATEGORY MEANS 32,321 1
WITHIN S1,k31 32
TOTAL 83,752 33
t = /20,17 = L.37
t95(32) = 2.0 '
Oetober 6, 1959
Polysynaptiec reflex

SUKS OF SQUARBS  df
CATEGORY MEANS 0.62 i
WITHIN Le57 32
TOTAL 5.19 33
t = JI.O5 = 2,037

- MEAN SQUARES

32,321
1,608

WEAN SQUARES
0.62
0.1k

¥
20.12

Fog(1, 32) = h.15

F
L3
Fo5(1, 32) = L.15



Oetober 15, 1959
HYonosynaptie reflex

SUMS OF SQUARES df  MEAN SQUARES ¥
CATEQORY MIANS 38,920,990 2 19,460,498 21,385
WITHIN 18,204 52 910 F95(2, 52) = L.02
TOTAL 38,969,154 Sk

Comparing mean value of conditicned responses with mean value of Uneoti~
ditioned response.

t = 15,10, tog(gn) = 2,02

Comparing mean value of conditioned respense with mean value of rege
venses obtained after pyramids were coagulated.

t = 31.30, tog(za) = 2,02

Uctober 15, 1959
Folysynavtie reflex

SUMS OF SQUARES df  MEAN SQUARTS F
CATHGORY MEA I3 1.53 2 0476 1.76
WITHIN , 22.16 52 0443 Fog(2, 52) = L.02
TOTAL 23469 5k

Comparing conditioned mean with mean of unconditioned responses.
t = La53, i95(52) = 2,02
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The following are the analysis of variance tables for the analysis
of the scatter of excitabilities performed on the data from Bxperiments L~10
and Experiment 1llj. The "r® value obtained from each sign test (see text
for deseription) is tabulated at the bottom of each analysis of variance

table.



July 15, 1959

SUUS OF SQUARES df  MPAN SQUARES ¥
CATEGORY MEANS L0l [ 002 0.2
WITHIH 11 12 JO1 ¥Fo5(s, 12) = L.68
TOTAL e L2 17
Sign test L

¥ =18 r(~) =0 Significent inersase at 95% level.

July 23, 1959

SUMS OF SQUARES df  WEAN SQUARES F
CATEGORY VEANS »0LO [ 008 2.96
WITHIN 030 i1 0027 Fog(s, 12) = 3.20
TOTAL 070 16

Sign test .
o= 17 r{=) = 3 Significant increase at 95% level.



July 29, 1959
Honosynaptic reflex

SUMS OF SQUARES df  MEAN SQUARES F
CATEGORY “RANS 23,7h3.1 5 11760 2,39,
Fo5(s, 12) = 3.1
WITHIN 23,896,78 12 1991.39
TOTAL L7,6L1.88 17

Sign test F
=18 r(+) =7 Signifieant increase at 95% level.

July 29, 1959
Polysynaptic reflex

SUMS OF SQUARES df  HMEAN SQUARES F
CATEGORY MEAUS 0.07 5 0.01h4 1.00,
Fos(g, 12) = 3,11
WITHIN 0.17 12 0,01k ’ )
TOTAL G.2k 17
Sign test

=18 r(+)=0 Significant decrease at 95% level.



September 15, 1959
donosynaptle reflex

SUNS OF SQUARES df  MBEAN SQUAERS ¥
CATEGURY WEANS 2188.66 5 137.73 2.03,
- Yy Fog(s, 12) = 3.11
WITHIN 2586.89 12 215.57
TOTAL L775.55 ‘37

Bign test sl
=18 p(=) =2 Significant increase at 95% level.

September 15, 1959
Polysyneptic reflex

SUMS OF SQUARES df  MEAN SQUARES
CATEGORY MEANS 0.13 5 0,025 0.3k,
| Fg5(s, 12) = 3.11
BITHIN 0.21 12 0.075
TOTAL 0.34 17
Sign test

=18 »r(+) =0 Significant decreass at 95% level.
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September 22, 1959
ronesynaptle reflex

SUMS OF SQUARKS df  MEAN SQUARES ¥
CATEGORY WEANS 750.1 5 150,05 2.22,
WITHIN 7h6.72 11 67.88 58y 213 = 280
TOTAL 196,82 16

Sign test
W= 17 r{+) = } Significant decrease at 95% level.

Septeuber 22, 1959
Polysynaptiec reilex

SUMS OF SQUARES df  MEAN SQUARES ¥
C&TE%RX ?&1&4& 0 QG‘E) 5 QQG:LS l . 28 ¥
Fos(g, 11) = 3.20
WITHIN 0,15 11 0.0LL (s A1)
TOTAL 0.2k 16
Sign test

Nal? p(=)=0 Significant increase at 95% level.



September 25, 1959
Monosynaptic reflex

SUMS OF SQUARES df  MEAN SQUARES
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F95(5, 10) = 3.33

CATHGORY MEANS 8270.9 5 1652
WITHTN 21194 .2 10 251942
TOTAL 32465.1 15
Sign test ‘
¥ o= 17 r(+) = 3 Significant decrease at 95% level.

September 25, 1959
Polysynaptic reflex

SUMS OF SQUARES df ¥HAN SQUARES ¥
CATEGURY MEANS 1,36 |3 0.07 2.26,
WITHIN 0.31 10 0.031
TOTAL 0.67 15
Sign test ,
HNa=17 p{e) =0 Significant decrease at 95% level.
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Seplember 29, 1959
Monosynaptic reflex

SUMS OF SQUAKES  df  MBAN SQUARES ¥
CATEGORY M2ANS  10,949.98 g 2189490 1.75, .
¥95(5, 9) = 3.48
WITHIN 11,261,68 9  1251.560 <
TOTAL 22,211.66 ik
Sign test , ’
§ =15 r(+) = 3 Significant decrease at 95% level.
September 29, 1959
Polysynaptic reflex .
SUMS OF SQUARES df  MEAN SQUARES F
CATEGORY VEANS 0.34 5 0.068 0.567,
e v ¥95(5, 9) = 3.48
WITHIN 1.08 9 0,12

TOTAL 1.h2 1L

Sign test ,
=15 p(+) =7 Significant increase at 95% level.



Qctober 15, 1959
ilonosynaptic refiex

BUMS OF SQUARES  4f
CATEGORY MEANS 8590 b
WITHIN 9167k 10
TOTAL 10026k 1h
October 15, 1959
Polysynapbic reflex

SUMS OF SQUARES  4f
CATEGORY MEANS 1.h2 L
WITHIN 8.52 10
TOTAL 9.9 1k

HEAN SQUARES

2147.5
9167 b

MEAN SQUARES

033
0.852

F

0,23k,
F95(k, 10) = 3.18

F

) {}DBQ’
F95(k, 10) = 3.48





