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Abstract

Effects of motor learning on spinal plasticity
Kim, Yong Kyun

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Ahn, Young So0)

Once a skilled movement is thoroughly learnedait be performed
relatively automatically. The motor cortex is aetwhen learning a new motor
skill, but becomes less activated once the skdllecome well-learned. Here, |
hypothesize that learning a skilled movement i®@ased with more efficient
use of subcortical motor circuits. Subcortical motarcuits can coordinate
features of the intended movement such as thedimnd patterns of activation
of different muscles. The goal of this study isdetermine whether learning a
motor skill strengthens spinal interneuron circtiitat facilitate the movement.
Subjects learned to perform a movement consistinglternating rhythmic
wrist movements by hitting the targets that woubghesar alternatively in the
right and left sides on a computer screen. Accuveay monitored reaching the
targets within the specific time window. Motor pmrhance gains were
observed significantly after three sessions. Theéomperformance showed a
typical learning curve and was retained a weekr.lalbe co-contraction of
wrist extensor in flexion period decreased sigatfity at the seventh session
and that of wrist flexor in extension period desexh but not significantly.
Reciprocal inhibition was assessed by stimulugyénigd averaging of rectified
EMG method. The reciprocal inhibition at the traiosial period from the
extension to the flexion increased significantlydaincreased at the
mid-extension period but not significantly. The geet study suggests that our
motor task can be learned and training upper extyetm perform alternating
movement enhances the strength of short latencybifidm of spinal
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interneuron particularly at the phase of movemasarnransition to alternate
phase and this enhancement of reciprocal inhibitan play a role in the

facilitation of alternating muscle activity.

Key words : motor learning, reciprocal inhibitiogpinal plasticity
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[. INTRODUCTION

1. Background

Human beings acquire new motor skills throughoairtlives. Initially,
performing a new skilled movement is effortful acldmsy, but with practice,
the performance becomes accurate and the moverseoariied out fairly
automatically. For certain highly practiced, refieti movements, the ability to
perform the movement persists even when it hasaeh employed for long
periods of time. Riding a bicycle is the classiample of such a movement.

Many regions of the central nervous system aravknio play a role in
producing skilled movements, including motor ane-protor areas of the
cerebral cortex, the basal ganglia, the cerebelbrainstem motor centers, and
spinal interneuron circuits. These areas are adimi@ml candidates for storing or
executing the motor programs for highly learnedletimovements. There is
some evidence, however, that as movements becoerdearned, they require
less involvement of the motor cortex. Studies usiranscranial magnetic
stimulation to map the motor cortical output mapghe muscles involved in
learning a sequence of finger movements showed thaps became
progressively larger as subjects learned the segudiut once the movement
had been learned, the maps returned to their baselpography EEG studies
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also found that the overall proportion of corticeurons required for task
performance became smaller as skills devel?)fndd addition, some imaging
studies with PETand functional MRIshowed activity in an increased number
of cortical regions during the learning phase whieltame more focused after
acquisition of motor skill.

As repetitive movements become highly learneds itikely that the
motor cortex learns to utilize subcortical motarcuaits efficiently to carry out
much of the moment-to-moment control of the movem&he motor cortex is
known to project via the corticospinal tract onngal interneurons that exert
effects on motor neurons. In primate studies, wiogs from spinal
interneurons have shown that they are active withappropriate timing to
contribute to the preparation and execution of rawoluntary movementsin
humans, voluntary movements are also associatetl wlianges in the
transmission through spinal interneurons. For exengt the onset of voluntary
contraction, presynaptic inhibition of la afferepi®jecting to motoneurons of
the contracting muscle is decreased, whereas mpsgninhibition of la
afferents to motoneurons of muscles not involvethévoluntary contraction is
increasell This decrease in presynaptic inhibition of laesdhts persists
unchanged after an ischemic blockade of group éreffts from contracting
muscled, indicating a central origin for the modulatiome®ynaptic inhibition
of la afferents is mediated by GABAergic internengan the spinal cord.
Similarly, during voluntary movements, the excitipiof antagonistic motor
neurons is controlled by central modulation of apimhibitory pathways for
reciprocal inhibitior. Spinal interneurons mediating reciprocal inhdstihave
rhythmical firing during walkinbo, bicycling!, and cyclical human arm
movemerlt in a manner appropriate for assisting these atizmg movements.
These findings illustrate how networks of interreng in the spinal cord could
be used by higher centers to coordinate patternsamo$cle activity in
highly-learned movements.

The spinal circuits producing reciprocal inhibitibetween antagonist
motoneurons are excellent candidate circuits thghtbe strengthened during



learning of repetitive, alternating movements. Tdigcinergic la inhibitory

interneurons, which mediate reciprocal inhibitioretvieeen antagonistic
motoneurons, are located in the spinal ?:%rd’hey receive input from la
spindle afferents from the agonistic muscle andbiblthe motoneurons of the
antagonistic muscle. It has been shown that larnetgons are excited by
corticospinal, rubrospinal and vestibulospinal tsdc”. Lundberg proposed that
the la interneurons were activated in parallel witieir corresponding
motoneurons during voluntary movement. In humainseems likely that the

corticospinal pathway transmits this parallel aation”*®

Corticospinal
activation of la interneurons has also been regdrtdiumans with transcranial
magnetic stimulation (TMS). Thus the la inhibitangerneuron is likely to be
one of the spinal interneurons capable of beiniizeti by the motor cortex to
shape the intended movement.

Moreover, the strength of reciprocal inhibitiomdze modified, at least
transiently, by sensory stimulation to enhanceprecial inhibition between
ankle flexor and extensor musciedn humans, it has been suggested that the
resting strength of disynaptic reciprocal inhihitibetween ankle flexor and
extensor muscles is influenced by the history gfsptal activity we perforr?fs.
There is also evidence from animal studies thatstrassion in the reciprocal
inhibitory pathway could also be modified by usiag operant conditioning
protocoi13 and that the corticospinal tract probably contllehether this
plasticity in the spinal cord occurféd During a repetitive alternating
movement, enhancement of reciprocal inhibition fz transition between
flexion and extension would be particularly beneficfor performing
movement. Furthermore, the mutually inhibitory cections between la
inhibitory interneurons subserving antagonist mauron pool7§J would allow
self-sustaining oscillation of reciprocal activity.

Methods for assessing reciprocal inhibition betweeist flexors and
extensors are well described and easily toleratgdmost patientS"?
Dynamic modulation of reciprocal inhibition is liketo occur during rhythmic
movements and to be phase dependent, as has lmyem diring locomotion in



studies in animafé and in humar& In locomotion, the pattern of modulation
produces the strongest reciprocal inhibition of eesbr muscles at the
beginning of the swing (flexor) phase, remainingmewhat increased
throughout the remainder of the swing. Reciprocdiibition of extensor

muscles is depressed during the stance phase &fhgakven to a greater
extent that occurs with tonic contraction of extensuscle¥.

Controlled wrist movements have been studied extelysin primates,
primarily using unidirectional targeted ramp-andehmovements. In humans,
learning to perform targeted wrist movements preduchanges in cortical
maps at an early stage of learfdfhghanges in the pattern of muscle activity
occurring while subjects learned to perform tardeteist flexion-extension
task have not been as well described. However, tinlies of targeted
movements involving other arm muscles, such asetlhcting across the elbow
joint, EMG showed a progressive decline in co-atton of synergistic
muscles and in co-contraction of antagonist musatethe task is learngd®
These studies support the idea that learning léadas more efficient and
focused activation of the muscles needed to pertbirtask. In our study, we
planned to use a task that combined accurate moetoea target with
rhythmic alternation between wrist flexion and esien. Studies of rhythmic
cycling movements of both arms have shown thatfléxenodulation occurs,
similar to the locomotor pattern in the Ié7gsThe motor task planned for this
study combines elements of learning and rhythm thatome ways, would be
analogous to learning to walk.

2.0Objectives

The goals of this study were first, to determinesthler co-contraction
declined after learning to perform a controlledhythmic, alternating wrist
movement task, and secondly, to investigate chamgesciprocal inhibition
activated by spinal circuits at stages of motormiemsy.



II. MATERIALS AND METHODS

1. General experimental conditions

Seventeen healthy volunteers (3 men and 14 womgeqd 22-45
years) participated in the study. All subjects wagat-handed (laterality index
was 0.8 to 1.0) as measured by the Edinburgh Inwfﬁ.t They were free of
wrist and neck pain and with no known history ofdical problems. The
protocol was approved by the Institutional ReviewaRl in National Institute
of Health and all subjects gave written, informedsent in accordance with the
Declaration of Helsinki. The subjects were seated thair, with their forearm
supported by a horizontal platform and strappedaimeutral (semi-prone)
position. The hand was secured between two hoar@htes of a single-axis
manipendulum mounted on a rotating shaft locateakiadly with the axis of
rotation of the wrists. The output of wrist movenseappears as a cursor on the
computer screen. The manipendulum was coupled lioushless servometer
(PMA23D, Pacific Scientific, IL, USA) that suppliedconstant resistive torque
of 0.5 N-m, ensuring a steady and smooth wrist mmré. The hand and
forearm were initially positioned at a neutral antjflat produced no contraction
in wrist flexors and extensors. This was designatedhe starting position,
corresponding to 0° of wrist displacement (Figuye 1
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Figure 1. Experimental diagram.
Subjects were seated in a chair and facing the atangscreen. The device
allowed only wrist movements in the horizontal @akVrist movements were

computer

amplifier
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measured by transducer and appeared as a cursihie ascreen. During the
movements, the activities of wrist flexor and es@n were recorded
simultaneously through surface electrodes.

2. Motor Task

Subjects were instructed to move their wrists rinjtfally and steadily
back and forth without overshooting movements tdargets that would appear
alternatively on the right and left sides of a comep screen by LabView
computer programming at an interval of 2.5 secontlsere were two
alternating sets of targets: large targets at Hoeds wrist flexion and extension
and small targets at 5 degrees wrist flexion antdreston. The diameters of the
targets were +/- 10 % of the target location angleycle was composed of
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small range of flexion and extension and large eanfgflexion and extension in
order. A successful hit was defined as reachingdéatget without overshoot and
staying within 10% of the target diameter. Subjeeteived visual feedback of
the success of each trial by a color change ofatget. If the trial is in success
the yellow target turns green, but if not the yslltarget turns red. The time
interval for the cycle was 10 seconds. Each ses®@0n360 trials and lasted for
fifteen minutes every weekday until the task wasned. Learning was defined
as achieving more than 20% increase in accuracy the first session in two
successive sessions. At this point subjects wekedat® return for three more
sessions performing the movement. After that, raateased for one week. A
follow-up session after a week assessed whethesubgect had retained the
ability to perform the movement accurately.

3. Recording of muscle activity

Muscle activity of flexor and extensor carpi rdidiavas recorded
simultaneously during the session by means of seriaMG with paired 10mm
stainless steel disk electrodes using counterpBMiG machine (Dantec,
Allendale, NJ) with filter bandwidth of 10 Hz to Bk. The active electrode was
placed at the muscle belly and the reference eldetwas located at the distal
3cm. Waveforms were digitized for off-line analysising Spike 2 software
program(CED 1401 interface, Cambridge, UK) at aang rate 5kHz. EMG
signals were amplified and rectified. The area M (uV-ms) was hence
obtained. The area of contraction was calculatedsuiytracting resting area.
The ratio of wrist extensor activity in wrist flei compared to wrist extensor
activity in extension and flexion and the ratiovafist flexor activity in wrist
extension compared to total wrist flexor activitywrist flexion and extension
were measured for each cycle and averaged (Figure 2



extensory

Figure 2. Muscle activity by surface electrode @k&2 program.

The area of wrist extensor activity in flexion ishe area under the curve
between vertical line 2 and 3. The total extensividy is the area under the
curve between vertical line 1 and 3. The area otwitexor activity in
extension is the area under the curve betweencakline 3 and 4. The total
flexor activity is the area under the curve betweertical line 2 and 4. Every
contracting area is calculated by subtracting mgstirea ,namely the area under
the horizontal line, from each area. (x axis isetiomit x seconds, y axis is
electrical activity unit x 200V)

4. Reciprocal inhibition

Reciprocal inhibition was assessed using stimuiggéred averaging
of rectified EMG®, Bipolar stimulation of the median nerve at thizoet level,
in which cathode was proximal, produces a depraseforectified EMG of
wrist extensor carpi radialis. This inhibition ikdly to be mediated mostly by
la inhibitory interneurons projecting from wrisefors to wrist extensors. For
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median nerve stimuli, we used stimuli of less thahx MT. Motor threshold
(MT) was defined as a 1Q0/ response of the wrist flexor. The pulse duration
was 1ms. The stimulus was delivered every othelecgt one of two points
during the movement cycle, early flexion and mideasion. Early flexion was
defined as beginning 0.8 seconds before the startowement in the flexion
direction and mid-extension was defined as occgrfr?5 seconds after the
start of extension movement. These times were e@fim pilot studies to
determine the onset of EMG activity prior to medbhah movement. No
stimulation was delivered on every other cycle ltovaa control recording of
wrist extensor EMG activity without stimulation.dlades of wrist extensor EMG
activity were extracted from the ongoing recordirgstriggering a 300 ms
window beginning 40 ms prior to the timing pulsevihg the stimulator. 48
traces were averaged for the four conditions: efielyion with and without
stimulation, and mid-extension with and withoutnstlation. The area of
inhibition was calculated by subtracting the stinsatriggered average from the
average trace without stimulation with the samdrtiin the cycle. The time
window for reciprocal inhibition was defined vislyaby cursor placement at
the mid-extension with stimulation and this timendow was applied all the
four conditions(Figure 3). Waveforms were digitiZed off-line analysis using
custom software (Labview 6.1; National instrumenfsjstin, TX). The
sampling rate was 10,000 per second. Reciprocdlitidn was assessed in this
way during the first session of learning the task after the movement had
become well-learned, defined as having met critefar success on the two
previous sessions.
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Figure 3. Measurement of reciprocal inhibition aablView program.

A. wrist extensor activity without stimulation

B. wrist extensor activity with median nerve stiatidn

The area of inhibition is subtracting B from A undbe curve between two
vertical line. (x axis is time unit x 0.1ms, y axgselectrical activity unit x 20
V)
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5. Statistical analysis

A repeated measure ANOVA was used to analyze #nainig effect on
motor performance and to compare the learning efbec changes of wrist
flexor in extension and wrist extensor in flexionthree time points (before
learning, at learning, three sessions after legjniRaired t-test was used to
compare the changes of reciprocal inhibition instvextensor before and after
learning at the two time period, early-flexion amid-extension each and to
analyze whether the retention is obtained in mpésformance.

[ll. RESULTS

1. Motor performance

Nine Subjects participated to determine whethertésk was retained
after learning. They showed a typical learning eumth daily practice sessions
over about one week. On the first session, sugadss varied among individual
subjects (55%-65%). After three sessions, moskestbfirst achieved a success
rate above 80%, and with additional practice sessi@riability declined (p <
0.001). After a week without practice, the sucgass was maintained, without
a significant decline in success rate (Figure #dnithese results, we defined
session 1 as before learning stage, session 4@srig stage, and session 7 as
after learning stage.

_13_
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Figure 4. The change of success rates as sesssrirgmotor performance.
Success rates in a series of motor task trainiogvet a typical learning curve.
After three sessions, success rate reached platddeh was above 20%
increase from that of session one. In a week witlpoactice from day seven,
learning was retained. Note the decrease of valtisgandard error as session
goes. Values are means + SE of the means.

2. Co-contraction on Surface EMG activity

Seventeen subjects participated in this experim&hé percents of
wrist extensor activity in flexion decreased asjscis learned the task, 42.7 +
1.1% at session one, 40.6 * 1.4% at session fowr,38.8 + 1.0% at session
seven (Figure 5). Values at the 7th session wgsfisiantly different from
those at the 1st session (p < 0.05). However, tld@ges in EMG activity was
limited to the wrist extensor, the percents of wfiexor activity in extension
were 39.9 + 1.2% at session one, 41.0 + 1.6 atosefisur and 39.5 + 1.5% at
session seven and there were no significant difte® among the stages of
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learning. (Figure 6).

o extensor in flexion / total extensor
0

50 -
484
46

444

42 [ *
40+ E E
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before learning atlearning after learning

Figure 5. The percent of extensor activity in faaxicompared to the extensor
activity in a whole cycle.

The percent of wrist extensor activity in flexioraleased as subjects learned
the task. The significant decrease was observéltkalth session compared to
the 1st session. Bars indicate standard errorseahsi(* p < 0.05).
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flexor in extension / total flexor
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before learning atlearning after learning

Figure 6. The percent of flexor activity in extemsicompared to the flexor
activity in a whole cycle.

There was no significant difference in the perceintvrist flexor activity in
extension among the measurements. Bars indicatdastherrors of the means.

3. Reciprocal inhibition

Seven subjects participated in this experiment. Wtist extensor only
was tested to determine whether the reciprocabitibn is strengthened as an
underlying mechanism for the decrease of wristresdeactivity in flexion after
learning. The onset of inhibition was 22.0 £ 2 md #e duration of inhibition
was 27.6 £ 3 ms. The area of reciprocal inhibigithe early-flexion increased
significantly by learning from 40.6 + 1048/-ms to 85.8 =+ 23.7WV'ms (p <
0.05). At the mid-extension of the cycle, the shiatency of reciprocal
inhibition increased but not significantly by leerg from 55.4 + 16.14V-ms to
68.5 + 23.1uV-ms (Figure 7). The stimulation intensity was 4.@.6 mA at
session one, 4.1 £ 1.9 mA at session seven an@ tlvas no significant
difference .
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Reciprocal Inhibition
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Figure 7. Short latency of reciprocal inhibitionfdre and after learning at the
early-flexion and the mid-extension of the dynamiadulation cycle.

The area of reciprocal inhibition at the early-flexincreased significantly.

At the mid-extension, the reciprocal inhibition ieased but not significantly.
Bars indicate standard errors of the means (* f05)0

IV. DISCUSSION

The present experiments have shown that our maisk tan be
learned and training upper extremity to perforreralating movement enhances
the strength of short latency inhibition of spimakerneuron particularly at the
phase of movement near transition to alternateephasl this enhancement of
reciprocal inhibition can play a role in the des®aof co-contraction to
facilitate alternating muscle activity.

In our motor task, motor performance showed a dteristic learning
curve. After three or four sessions, the perforream@s maintained. One
session was composed of ninety cycles thereforéonpesince gains were
obtained after around 300 cycles. Interestinglig tépetition is enough to learn
the task and corresponds to other stlidyhe motor training elicits measurable
performance gains as well as neurophysiologicahgés. However, there was
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time difference between performance gains and pmysiological changes.
That may be different from other motor training amignt>?° That difference
can be explained by decreased sensitivity of ouontask to show changes in
surface EMG activity or by time requirement for solidation of circuit
network. In other words, the motor task in our mdask required one wrist
joint movement with fixation of other joints in cqarison with multi-joint
movement of other experimefits® Therefore, three more sessions after
performance gains were required to see the significdecrease of
co-contraction in our motor task.

There was difference in changes of muscle actibiyween wrist
flexor in wrist extension period and wrist extensowrist flexion period as the
training repeated. The continuously decreased igctof wrist extensor in
flexion period was observed. On the other handgcare of wrist flexor in
extension period, the activity increased at theséssion and decreased at the
7th session. This finding seemingly may be congtadi to our assumption. A
couple of explanation might be possible. One ig thést flexor is more
coherent than wrist extené%rtherefore, in case of wrist flexor during
acquisition of motor skills, la excitatory intermen can be facilitated. The
other is that wrist flexor has higher thresholdnthnaist extensor for learning a
motor skill. In other words the short-latency faation of the flexor carpi
radialis H reflex had a higher threshold than esoercarpi radiali®. After
well-learned, decrease of co-contraction betweenathtagonist muscles was
observed which agrees with the other sf&ldyhe wrist extensor in flexion was
chosen to see changes of reciprocal inhibition deedmd after learning in view
of sensitivity.

The modulation of short-latency reciprocal inhititi between wrist
flexor and extensor during rhythmic movements wagudhentelf. The
magnitude of reciprocal inhibition of H-reflex dfexor carpi radialis was more
at the transition. Therefore, two time points dgrirwrist extension,
early-flexion (actually at the end of extension)damid-extension were
measured for reciprocal inhibition. In the study retiprocal inhibition, the
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significant depression in muscle activity of wrisktensor after learning
compared with before learning was observed especatl the phase of
transition from wrist extension to flexion. Thisndiing would explain that
dynamic modulation of reciprocal inhibition is ligeto occur and to be phase
dependent in rhythmic alternating wrist movemenntilsir to walking and cyclic

arm movemen?*® However, this depression can be observed fatigwi
sustained and fatiquing contraction and it may tiaflect the inhibitory effect

of increased group IlI/IV afferent discharge foliog development of muscle
fatiquél. It was therefore important in our study to makeesthat the this

depression was related to the visuomotor skillntrgj and not just to

fatigue-related changes. But in the present studyinfluence of fatigue is

unlikely, since all movements were dynamic and smbmal, only 5% of

maximal voluntary contraction, and motor perforn@nwas improved

following the visuo-motor skill training.

The enhanced spinal circuits producing short lateneciprocal
inhibition between antagonist motoneurons duringriagng of repetitive
alternating movements would be caused by spinxeictivation itself , or by
central modulation of spinal interneuron. The spiciecuits activated by la
afferents are transmitted in two pathways, disyinapa inhibition and
presynaptic inhibition. Both pathways are modulajg@r to the onset of
movement, suggesting that central descending fibersrerge with sensory
afferents on the interneurons in the pathways andufate their activity in
preparation of the movemént> There is good evidence from other studies that
changes in presynaptic inhibition of the synapstw/éen sensory afferents and
motoneurones is fundamental in the adaptation efréflex circuitry during
motor learning. Habituation of the monosynaptid-githdrawal reflex in the
Aplysia has been shown to be caused by a deprestgymaptic transmission
between the sensory afferents and motoneuronsghroltianges in presynaptic
inhibition*. In rats and monkeys, a change in motoneurondfitimreshold
seems to be the main mechanism associated withtésngdown regulation of
the H-reflex during operant conditioniigwhereas short term down regulation
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of the H-reflex is likely to be related to changegresynaptic inhibitiof. But
there is limitation to say underlying mechanisnhi$ spinal plasticity from our
data, since we found changes occur in the strengipinal interneuron circuits
especially mediated by la afferents. Also, spinédrneuron has descending
control, like corticospinal tract, propriospinahd¢t and extrapyramidal tract
such as vestibulospinal tract and rubrospinal trElets influence on the spinal
interneuron should be considered in the future.

In this study, we found that rhythmic, alternatimgpvement training
can strengthen spinal interneuron circuits, whigghindecrease co-contraction
of agonist and antagonist pairs especially dudintive in movement. This
finding can provide a direction in managing spdtsti@a form of co-contraction
in some sense, which is encountered in the clisieting.

Further studies in the future will be necessary etacidate the
underlying mechanism of this spinal plasticity dahd influence of descending
tract on spinal interneuron.

V. CONCLUSION

The goal of this study was to determine whetherrnieg a
motor skill strengthens spinal interneuron circuiteat facilitate the
movements. The results were as follows,

1. Subjects learned to perform a rhythmic, altengatvrist movements.

2. Co-contraction of wrist extensor in flexion meti was declined after
learning.

3. Reciprocal inhibition mediated by spinal circtitat is associated with
the timing and patterns of activation of agonistd aantagonist was
enhanced especially in transitional period afterring.

In conclusion, spinal circuit can be modified byri@ng. This spinal
plasticity after learning can facilitate performaraf alternating muscle activity.
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