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Reflex Circuits and Their Modulation in Motor

Control: A Historical Perspective and Current View

Pratik K. Mutha"

Abstract | Sensorimotor reflexes have long been, and continue to be, an
area of tremendous research in movement neuroscience. Here | aim to
provide an account of some studies that have been crucial in advanc-
ing our understanding of the organization of reflex circuits, their function
and their modulation during motor control. | review research ranging from
early experiments in reduced animal preparations that investigated the
basic building blocks of reflex circuits to more recent studies in humans
that demonstrate remarkable tunability of reflexes in response to variety
of contingencies related to the task, the body and the environment. By
providing such an integrated account of the historical aspects and cur-
rent view on reflex function, | attempt to bring out the stunning complexity
of reflex machinery, as well as the incredible adaptability of this machin-
ery despite its underlying complexity.

@ CrossMark

Keywords: Reflexes, Modulation, Motor control

Robert Whytt! was probably the first to dem-
onstrate that a response to a stimulus could
be evoked without the “will” being involved.”
Although Whytt called this the process of “sym-
pathy”, it was close to the notion of a reflex as it
came to be understood later on. The word “reflex”
was probably first used by Georg Prochaska in
1784, who described the “...reflexion of sen-
sorial into motor impressions...” which could
occur “....either with consciousness or with-
out....”. Hall* later discovered that spinal reflexes
could be influenced by higher centers and was
the first to use the word “arc” to describe reflex
pathways. Characteristics of reflex circuits such as
the wide convergence of sensory input onto mul-
tiple muscles (“irradiation”), and the summa-
tion of sub-threshold stimuli to produce a reflex
response (“bahnung”®) were then identified.”
However, it was not until the pioneering work
of Sir Charles Sherrington that the nature of the
neural circuitry underlying reflex responses was
investigated in significant detail.
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1 Sherrington’s Contributions

Sherrington’s primary interest was in studying
“integration” within the central nervous system.
Perhaps the most influential of Sherrington’s
work was the “The Integrative Action of the Nerv-
ous System’,® in which he proposed that “the unit
reaction in nervous integration is the reflex”
and that coordination involved the simultane-
ous and orderly coadjustment of simple reflexes.
Crucial to the development of this view were his
early experiments performed on spinalized and
decerebrate animals; such a reduced preparation
led to substantial rigidity in extensor muscles of
most joints of the body, particularly the elbow,
knee and neck. Among many seminal observa-
tions, Sherrington noted that when the forefoot
of a spinalized cat was excited, rigidity in the
hindlimb that was on the side of stimulation
increased, but rigidity in the forelimb decreased.
However, the opposite response was seen on the
side contralateral to the stimulation. Sherrington
labeled these limb motor patterns as “crossed-
extension” reflexes, and then demonstrated that
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muscle activity that led these patterns bore a
striking resemblance to that observed during
reflexly elicited stepping behavior in spinalized
animals.” Sherrington suggested that these step-
ping patterns combined with the erect standing
reflex’ were amplified into the performance of
actual walking “.....to a certain measure of effec-
tive locomotion”. Thus, Sherrington believed that
activities such as walking or running were of
reflex origin, a view that did not hold up com-
pletely to further experimentation. In particular,
the demonstration of central pattern generator
networks (see IjspeertlO for a review), which could
produce rhythmic patterns of locomotor activity
even in completely deafferented and spinalized
animals, served to undermine Sherrington’s pro-
posal that locomotion was an activity determined
by reflex action.

Nevertheless, after the first publication of
The Integrative Action of the Nervous System,
Sherrington continued his work on reflexes for
about three decades. One highlight of this period
was the discovery of the “stretch reflex”!" These
experiments grew out of Sherrington’s prior work
on rigidity in decerebrate animals in whom he
had shown a development of resistance to passive
extension of a limb. Liddell and Sherrington'!
attached a fully freed tendon of the quadriceps
to an optical myograph, while the femur, which
carried the proximal end of the muscle, was rig-
idly attached to a tabletop. Lowering the tabletop
resulted in a sustained stretch of the muscle and
tension was rapidly developed in it, similar to
the resistance observed when attempting to pas-
sively extend the knee joint in the decerebrate
animal. The increase in muscle tension could be
observed by stretching the muscle by only 0.8%
of its length and occurred at very short latency,
within 20 ms of the stretch onset. Tension contin-
ued to increase with stretch, while cessation of the
stretch caused a reduction in the tension. Devel-
opment of this tension was greatly reduced upon
severing the nerve supply to the muscle, suggest-
ing that its origin was central in nature. Crucially,
further experimentation showed that the source
of the reflex causing the contraction was confined
to the muscle being stretched and was particu-
larly dependent on an intact afferent nerve com-
ing from the muscle. The authors concluded that
“.....the contraction evoked in the quadriceps by
the pull is...... from receptors thus mechanically
stimulated from in the muscle itself, in short, that
it is a proprioceptive reflex excited by the stretch
of the muscle”.
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2 Introduction of Electrophysiology

for Studying Reflex Circuitry
The development of techniques to record intra-
cellularly from individual neurons opened up
possibilities to understand the spatiotempo-
ral characteristics of the responses described by
Sherrington. Specifically, using the “monosynap-
tic test reflex” developed by Renshaw'? as a tool,
Lloyd" showed that the “phasic” component of
the stretch reflex, or in other words, the excitation
of muscle fibers from the fastest muscle afferents,
was monosynaptic in nature. A short latency inhi-
bition of the antagonist muscles was also shown.
Eccles and colleagues'* expanded these findings
by demonstrating that excitatory potentials from
the fastest Ia afferents converged onto multiple
muscles that acted as synergists for a particu-
lar action. Moreover, Eccles and colleagues also
showed that the inhibition of the antagonist mus-
cles observed when afferents of a certain muscle
were stimulated was disynaptic'>'® and mediated
through an inhibitory interneuron, called the
“Ia inhibitory interneuron”'”'® These inhibitory
components of the Ia response were also shown
to be extensively spread out.'” These diverse excit-
atory and inhibitory patterns of Ia action were
speculated to play a significant role in locomotor
activity. Another landmark finding that emerged
from the use of electrophysiology was the dem-
onstration of inhibition from Ib afferents onto
the homonymous muscle. Bradley and Eccles®
had shown that group I afferents could be divided
into two groups depending on their threshold of
stimulation and conduction velocity, the Ia and
Ib. Stimulation of the Ib afferents, which origi-
nated from the Golgi tendon organ and were
sensitive to the force in the muscle, resulted in
inhibition of the homonymous muscle'® and this
inhibition appeared to be quite widespread. The
inhibitory effect was then shown to be mediated
through the action of the “Ib inhibitory interneu-
ron”, which received inputs from a wide variety
of sources including the Ia afferents and several
descending tracts.”"** The convergence of these
inputs onto the interneuron was believed to be
useful in modulating the inhibition in a task-
dependent manner. Moreover, the Ia excitatory
reflex combined with the Ib inhibitory reflex was
later suggested to play a large role in regulating
the overall stiffness of the muscle.”

While detailing the organization of these
reflex circuits, Eccles and colleagues also dem-
onstrated that incoming afferents, as well as
interneurons mediating these reflexes received
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a great deal of input from descending tracts. It
was proposed that these converging inputs could
be used to modulate the final response of the
motor neuron to the incoming afferent informa-
tion. Eccles and colleagues built upon the early
work of Frank and Fuortes®* and demonstrated
that one mechanism by which modulation of
the Ia and Ib reflexes could occur was through
presynaptic inhibition of the incoming affer-
ent information by descending signals from the
reticulospinal, vestibulospinal, rubrospinal as well
as corticospinal tracts.”>=° The existence of such
presynaptic inhibitory effects in humans has also
been demonstrated.’’*? Besides presynaptic inhi-
bition, modulation of the stretch response could
also be achieved through changes in its threshold
such that excitatory input lowered the threshold,
whereas inhibitory input increased it to longer
lengths, a result confirmed by Feldman and
Orlovsky™ who showed threshold modulation
with tonic stimulation of various descending
pathways. Further, inhibition of a muscle through
the Ia inhibitory interneuronal pathway, which
otherwise could not be achieved by the action of
an inhibitory post-synaptic potential, was read-
ily evoked following the facilitation of pathways
from sensorimotor cortex.’>>® Similar facilitatory
action from descending centers was found on
other afferents as well as on spinal interneurons
mediating stretch responses.’*>’

3 Physiological Characteristics of the
Muscle Spindle and Their Influence
on Reflex Responses

It is obvious from the previous paragraphs that
during the 1950s and 1960s there was great
interest in understanding the interplay between
peripheral stimuli and descending commands on
motor neuron output. At about the same time,
there was also a large effort dedicated towards
understanding the physiology and properties of
the peripheral afferent sources that gave rise to
these effects in the spinal cord. Sherrington*” had
previously demonstrated that afferents from the
muscle originated in the muscle spindle, estab-
lishing the spindle as a sensory organ. Two types
of afferents innervating the fibers inside the spin-
dle were identified, the primary and secondary
(Ia and II, respectively). This was done by dem-
onstrating a higher threshold of activation for
the secondary endings and a difference in the
response rate when the muscle was stretched.*!
Later histological work showed that the spindle
comprised of two types of fibers, the nuclear bag
and the nuclear chain.*>** It was also shown that
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the primary afferent fibers innervate both these
“intrafusal” fibers*? and that these intrafusal fib-
ers were innervated by efferent neurons, called
the gamma motor neurons. ‘44>

The two types of sensory fibers were suggested
to provide distinct functional advantages. While
recording from dorsal root filaments from intact
cats, Cooper® showed that stretches applied at
similar rates produced very distinct responses in
the primary versus secondary endings of the affer-
ent fibers from the spindle. While there was no
marked change in the response in the secondary
fibers, there was a large variation in the responses
of the primary fibers during the dynamic phase of
the stretch. It was suggested that these two chan-
nels send distinct but linked information to the
spinal cord, which increased the versatility of the
spindle. It was then established that the secondary
ending sent information about changes in length,
while the primary ending provided information
on changes in lengths and its derivatives."” The
greater responsiveness of the primary ending to
the velocity of the stretch indicated that the cen-
tral nervous system received information about
even the smallest stretches. This mechanism thus
ensured that the firing rate of the spindle affer-
ents did not drop significantly under cases of very
small stretch which could occur say during main-
tenance of posture, versus large stretches occur-
ring during movement.

Anatomical data, as well as experimental
results showed that motor innervation of the
spindle fibers could also be divided into two func-
tional groups, the static and the dynamic gamma
motor neurons. Similar to the two types of affer-
ent fibers, differences between the two types of
gamma motor fibers were also evident when the
muscle was stretched rather than when it was
maintained at a constant length. Matthews*
showed that while stimulation of all gamma
motor neurons increased the overall discharge
in a primary afferent, the stimulation of only
some gamma motor neurons (gamma dynamics)
increased the discharge of the afferent axon dur-
ing the dynamic phase of a ramp stretch. Stimula-
tion of the other group of gamma motor neurons
(gamma statics) in fact resulted in a decrease in
the afferent neuron response during the dynamic
phases of stretch. It must be emphasized that
these findings were of great importance. Not only
did they confirm anatomical data, but they also
attached functional relevance to the two types
of gamma motor neurons. The fact that stimula-
tion of these two different gamma motor neurons
resulted in distinct responses in the same afferent
neuron implied that the gamma system regulates
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the sensitivity of the spindle to stretch.*’ In other
words, the amount of afferent discharge could be
modulated by tuning the level of gamma activa-
tion, ultimately altering the gain of the stretch

response.49

4 Hypotheses About Reflex Function

The growing knowledge about spindle structure,
afferent and efferent projections within the spi-
nal cord and the effects of descending signals on
spinal circuits led to the emergence of a number
of hypotheses about reflex function. The first and
perhaps the most prominent among the hypoth-
eses of reflex function was the “servo-hypothesis”
proposed by Merton.”® He postulated that reflex
pathways function as a mechanism for regulat-
ing muscle length, or in other words, as a length-
servo. Merton proposed that the gamma motor
neuron activation established a reference length
that the muscle was supposed to be at. Spindle
discharge due to gamma activity served as a “mis-
alignment signal” and subsequent alpha motor
neuron activation ensured that this reference
muscle length was achieved/maintained relatively
independent of external disturbances, which
could arise, say, from changes in external loads.
Merton suggested that this action was medi-
ated by a high gain in the length sensitive path-
ways arising from the muscle spindle and that the
threshold of activation of the inhibitory pathway
from the Golgi tendon organs was too high to
interfere with the length-regulating property of
the spindle pathway.

This hypothesis seemed very attractive and
remained the most dominant hypotheses about
stretch reflex function for several years. Unfortu-
nately, it did not hold up to further experimen-
tation. Recordings from alpha and gamma motor
neurons demonstrated the near simultaneous
activation of these neurons,” arguing against
Merton’s proposal that gamma motor neurons
were activated prior to alpha motor neurons for
establishing a reference length. In addition, the
high gain for the length sensitive pathway com-
bined with the loop delay inherent to the stretch
reflex arc could not produce the desired result
of length regulation without causing instabil-
ity.”> Other experiments in intact animals>~°
showed that gamma motor neuron activity might
not be the primary driver for the modulation of
spindle afferent discharge. These studies demon-
strated that the highest frequency of Ia discharge
occurred when a muscle was passively stretched
by voluntary activation of the antagonist muscle
rather than in response to gamma motor neuron
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activation. These observations challenged several
aspects of the servo hypothesis, ultimately leading
to its retreat as the description of stretch reflex
function.

The question then became that if the stretch
reflex is not a length servo, what else might it
be useful for? Some insight into this issue was
provided by the seminal work of Houk and col-
leagues.’”® They developed a conceptual model
of the proprioceptive reflex pathways, includ-
ing the length sensitive Ia excitatory pathway
from the spindle as well as the force sensitive Ib
inhibitory pathway from the Golgi tendon organ,
and called it the “motor servo”. Through careful
experimentation, these authors suggested that not
length or force, but a relationship between the
two, or in other words, stiffness might be the reg-
ulated property of the motor servo reflexes. The
argument that they made was that because the
length feedback pathway resulted in larger force
in the muscle through increased motor neuron
activation while the force feedback pathway from
Golgi tendon organs led to a decrease in motor
neuron output thereby decreasing muscle force, it
was clear that length and force could not be regu-
lated at the same time. Through a simple mathe-
matical derivation, Nichols and Houk”’ suggested
that these reflex pathways might regulate the ratio
between changes in force and changes in length,
i.e., stiffness. It is obvious that the length depend-
ent pathway acts to increase stiffness, whereas the
force feedback pathway acts to decrease it. This
reflex stiffness, in combination with the intrin-
sic stiffness of the muscle determines the total
mechanical stiffness, which appeared to be the
regulated variable. For example, greater reflex
action was shown at low levels of initial force in
the muscle to compensate for the low intrinsic
stiffness of the muscle at these low force levels.
It must be pointed out that the notion of stiff-
ness being the regulated property of reflex action
does not imply that stiffness is controlled. It sim-
ply means that the pattern of reflex action is such
that it tends to reduce variations in total stiffness.
In other words, reflex action compensates for
the force and length dependent variations in the
intrinsic stiffness of the muscle. These actions of
the reflex pathways aid in maintaining the total
stiffness of the muscle constant.””*®

How much each reflex pathway contrib-
utes to the regulation of total mechanical stiff-
ness depends upon the “gain” of these pathways.
While early reports suggested that the gain of
the reflex circuits could not be altered,>>***
later experimentation showed that reflex gain
could be under descending control.*’ This gain
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for the reflex pathways could be set by a variety
of mechanisms including selective activation of
gamma motor neurons, presynaptic modulation
of afferent information and/or gating of inputs to
interneurons.

5 Stretch Responses in Intact Humans
The unraveling of reflex circuitry and under-
standing their potential role in motor control
was possible primarily because of the use of
reduced animal preparations in which muscles
were typically functionally isolated. Such tech-
niques clearly could not be used in humans and
so the nature of reflex circuitry in humans was
investigated through indirect techniques. Moreo-
ver, most studies in humans focused on the idea
that if length and force sensitive reflexes act to
regulate stiffness as suggested by Houk and col-
leagues,23’57’58’60 this stiffness must be modulated
to alter the effective impedance presented to
mechanical loads under varying dynamical con-
ditions.”” Before getting into the details of these
studies, it is important to describe the typical
response observed in a muscle when it is rapidly
stretched in healthy humans and the circuitry
that mediates the generation of these responses.
The force in a muscle is a function of its length
and the external load acting on it. Equilibrium is
defined when the force in the muscle counterbal-
ances the external load force. Deviations from
equilibrium can be imposed by positional pertur-
bations or by changing the load. The application
of such perturbations stretches the muscles and
activates the Ia, Ib and II afferents to elicit stretch
reflexes. The corresponding patterns of muscle
activity following a stretch have been typically
recorded using electromyographic (EMG) tech-
niques. While animal studies in reduced prepa-
rations show a clear burst of muscle activity that
can be attributed to regional segments located
exclusively within the spinal cord, responses in
intact humans have been consistently shown
to consist of more than one burst. For exam-
ple, Lee and Tatton®! described the response to
a rapid stretch of wrist extensors to consist of a
number of distinct peaks of activity occurring at
distinct latencies. These bursts have been attrib-
uted to specific neural pathways primarily based
on their latency following the stretch stimulus.
While the 20 ms delay between the application
of stretch and emergence of the earliest (M1)
response appears to be too short to be a result of
anything but spinal circuitry,* the later (M2 and
M3) responses occurring at about 50-80 ms have
been attributed to long-loop pathways between
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the spinal cord and supraspinal structures, par-
ticularly primary motor cortex or M1.57%” How-
ever, studies in decerebrate and spinalized cats
deprived of any cutaneous input have shown the
existence of a strong medium latency response
suggesting that part of this response may be spi-
nal.>>% In addition, polysynaptic pathways from
the Ia sensory neurons as well as slower neurons
from the group II sensory fibers have been dem-
onstrated to contribute to the medium latency
M2 and M3.

6 Modulation of Reflex Responses

How is this complex reflex architecture exploited
to regulate limb stiffness, as proposed by Houk
and colleagues? Detailing the experiments that
uncovered the specific mechanisms underly-
ing reflex modulation, is beyond the scope of
this review. We focus here instead on the factors
that lead to the modulation of reflex responses.
With regard to the mechanisms, it may suffice to
say that modulation of reflex responses could be
achieved by varying either the threshold of acti-
vation (through changes in sub-threshold depo-
larization of motor neurons) or the gain (through
pre-synaptic inhibition or gamma stimulation)
of the reflex circuits. Changes in either of these
parameters could lead to changes in limb stiff-
ness, ultimately changing the impedance that a
limb offers to a load.

A vast body of research has attempted to
understand the factors that cause reflex-medi-
ated changes in impedance, both for the lower
and the upper limbs. For brevity, we limit our
discussion to just the upper extremity (see Zehr
and Stein’ for a review on modulation of lower
limb reflexes). Hammond®~"' was the first to
demonstrate that the medium and long-latency
components of the stretch reflex could be modu-
lated based on subject intent. He applied a con-
stant velocity perturbation to the forearm when
the arm was initially held abducted by about 80°.
18 ms after the perturbation, a reflex response
was observed in the biceps muscle. This short
latency burst was followed by a longer latency
response when the subject was instructed to
resist the perturbation prior to task onset. When
the instruction was to let go, the long latency
response was inhibited. Other studies corrobo-
rated these findings using “resist/let go”,’>”* “flex/
extend”’* or “compensate/do not intervene”®”7>7¢
instructions, and psychophysical analogues of
these instruction-based paradigms were devel-
oped more recently.””’® In these psychophysical
studies, the arm was perturbed such that it was
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either pushed into a target (similar to a “do not
intervene” instruction), or had to be brought into
a target by countering the applied perturbation
(“react” instruction). Larger reflex responses were
observed when subjects had to react to the per-
turbation compared to when the arm was pushed
into the target. While these results were similar
to those obtained using verbal instructions, the
authors were able to considerably expand on pre-
vious studies by demonstrating modulation of
the long latency response with the amplitude and
the direction of the visual target. Crucially, while
recording from M1, Pruszynski et al.”® showed
that neuronal activity was also tuned to the
response required, at a latency that could account
for the responses in the arm musculature.

Long latency responses in the upper limbs
have also been shown to be strongly sensitive to
task goals. In a task where subjects were required
to maintain a fixed position or a fixed level of
force, subjects always demonstrated a higher
reflex response to a perturbation when stabiliz-
ing a position rather than force.””™ Hore and
colleagues® demonstrated that the mechanism
by which this modulation was achieved involved
the modulation of the gain of the reflex circuits
rather than co-contraction of antagonist mus-
cles. It has been demonstrated that long latency
reflexes are also tuned to the amount of sensory
information accumulated during a decision pro-
cess.’*¥ For example, Selen et al.¥” asked subjects
to reach to targets to indicate the direction of dots
moving on a screen. The number of dots mov-
ing in the same direction and the amount of time
available to subjects to view the dot motion was
varied. Reflex responses elicited during the deci-
sion interval (when subjects were accumulating
evidence related to the motion) were tuned to the
strength and the duration of motion, indicating
the sensitivity of the reflex to the accumulated
sensory evidence.

A number of studies have effectively employed
multi-joint perturbations to uncover even greater
sophistication in reflex responses. Broadly, these
studies have shown that the long latency com-
ponent of the stretch response are tuned not
just to local stretch of the muscle, but also to the
underlying torque required to compensate for
the perturbation. This was first demonstrated by
Lacquaniti and colleagues,ss’ 8 who showed that
a perturbation applied to extend the shoulder not
only led to strong reflex activation of the shoulder
flexors but also elbow flexors. They argued that
the extensor perturbation at the shoulder cre-
ated restoring extensor torques at the elbow and
so the activation of elbow flexors was appropriate

@ Springer ;ﬁé}»&?&

for compensating their effects. Other research-
ers’®? arrived at a similar conclusion, and this
idea has recently been extended significantly
by Scott and colleagues’>® who have consist-
ently demonstrated that long latency reflexes
elicited at a joint are sensitive to motion at that
joint as well as motion at other connected joints,
and compensate for the underlying multi-joint
torque pattern (also see Weiler et al.””?®). This
intricacy is again seen in the activity of M1 cells,
which appear to generate motor commands that
integrate information about shoulder and elbow
motion to counter the underlying torque at very
short latency (~ 50 ms) following the perturba-
tion. Perreault and colleagues have suggested
that the strength of the modulation may be sen-
sitive to knowledge of not just the mechanics of
the limb, but also the properties of the environ-
ment.”?>!1% These authors showed that while
the same muscles were active when subjects
interacted with either a stiff or compliant envi-
ronment, the magnitude of reflex activation
was quite different, pointing to the incorpora-
tion of environmental conditions into the reflex
response. Similar conclusions were drawn by
Kimura et al.'! who showed modulation of the
long latency response based on prior knowledge
about an upcoming dynamical environment that
the limb would encounter during movement. The
general view emerging from these studies is that
reflex responses show a phenomenal degree of
sophistication, identical to motor responses for
voluntary control of movement.'%*

One major limitation of almost all the stud-
ies that have examined modulation of reflex
responses in the upper limb is that contingencies
of the task and the characteristics of the perturba-
tion are typically known in advance. For instance,
task goals remain fixed and the timing, magni-
tude and direction of the perturbations are fairly
predictable. Under such predictable conditions,
what appears as a modulated reflex may actually
be an early release of a voluntary movement that
is appropriately tuned to task conditions.”®!*
This suggests that reflex modulation might be
confounded by the simultaneous imposition of
a triggered response when task conditions are
predictable. To examine reflex modulation under
conditions where task goals could unexpect-
edly change, Mutha et al.'* asked participants to
reach to a visual target that occasionally jumped
to a new location during movement initiation,
thus changing the task goal during the course
of motion. Unpredictable mechanical perturba-
tions were occasionally applied, 100 ms after the
target jump. Both short and long latency reflex
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responses were tuned to the direction of the tar-
get jump: response amplitudes were increased
or decreased depending on whether the pertur-
bation opposed or assisted achievement of the
new task goal, respectively. It was also shown
that this reflex modulation resulted in a change
in the mechanical impedance to the perturba-
tions. These results thus showed the remarkable
flexibility available within the nervous system to
modify limb impedance presented to loads even
during the execution of a movement. It was fur-
ther shown that such flexibility is not limited to
within a limb, but could extend bilaterally across
limbs when the two arms cooperated to achieve
the task goal,105 a result that has since been con-
firmed by other studies.'**!%

These studies lead to two major conclusions:
(1) reflex modulation allows the nervous sys-
tem to tune the impedance presented to predict-
able and unpredictable loads during posture or
during movement, and (2) reflex modulation
is highly sophisticated, accounts for a variety of
task, body and environmental conditions, and
is mediated via M1. Thus, reflex responses share
many features of voluntary motor signals, includ-
ing perhaps the underlying neural substrates.
Such modulation of reflexes may provide a neu-
rophysiological basis to the optimal feedback
control theory of voluntary actions'® in which
motor commands for purposeful movement are
derived by intelligent manipulation of sensory
information.'”

7 Summary and Conclusions

The study of reflex circuits and their modula-
tion has come a long way since Sherrington’s
pioneering discovery of the “stretch reflex” in
reduced animal preparations. Electrophysiologi-
cal studies established that this response is medi-
ated by a monosynaptic excitatory spinal circuit
between afferent neurons from muscle spindles
and motor neurons that innervate the same mus-
cle. In humans, rapid stretch of a muscle results
in a multi-compartment response rather than just
a single burst of muscle activity. While the earli-
est component of this response is mediated by
a monosynaptic spinal circuit (consistent with
animal work), the longer latency components are
mediated by spinal as well as supraspinal neural
networks that traverse M1. A growing body of
literature suggests that these reflex components
are highly flexible, and can be remarkably tuned
based on a variety of contingencies related to task
goals and properties of the body and the envi-
ronment. Such stunning modulation of feedback
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responses, similar to the modulation of motor
output seen during voluntary motor control,
along with the common neural substrates medi-
ating the two, has begun to bring into question
the traditionally held distinction between volun-
tary and reflexive actions.
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