CHAPTER 11

MUSCLE RECEPTORS

far in our discussion of receptors we
gave dealt only with exteroceptors.

ow we will deal briefly with three
kinds of enteroceptors, all found in muscle.
These are sometimes termed proprioceptors,
because they sense what goes on in the body
itself’. Primary and secondary muscle
spindle receptors and Golgi tendon organs
all send information about the state of the
muscle to the central nervous system. All
muscles, with the exception of extraocular
and facial musculature, contain all three
types of receptors. The spindle receptors
sense muscl e length and the rate of change
of muscle length, whereas the Golgi tendon
organ senses muscle tension and the rate of
change of muscle tension. We have already
seen that receptors in the joints do not signal
the angle of thejoint. Itislikely that muscle
spindle receptor messages provide the
information the central nervous system uses
to compute the angle of joints. In addition,
all types of receptorsin muscle provide
information used in systems that control
movement and posture.

Muscle spindle afferent fibers.

The primary and secondary muscle spindle
afferent fibers both arise from a specialized
structure within the muscle, the muscle
spindle, afusiform structure 4-7 mm long
and 80-200 mm in diameter. The spindles
are located deep within the muscle mass,

! Theterm proprioceptor is
usually reserved for receptorsin muscle,
tendon and joint, but it is sometimes used
more loosely as a synonym for enteroceptor.

scatered widely through the muscle body,
and attached to the tendon, the endomysium
or the perimysium, so asto bein paralel
with the extrafusal or regular muscle
fibers. Although spindles are scattered

Dorsal projection

Lateral prujection

t

Figure 11-1. The distribution of muscle receptorsin
the medial gastrocnemius muscle of the cat. The
locations and orientations of gindles areshown in
dorsal (A) and midsagittal (B) views. Thelocations
of Golgi tendon organs are shown in a midsagittal
view only

widely in muscles, they are not found
throughout. Figure 11-1 showsthe
distribution of spindlesin the medial
gastrocnemius of the cat, in dorsal (A), and
midsagittal projections (B), and for
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comparison the location of Golgi tendon
organs (C). Theaponeuroses of the muscle
are indicated by shaded areas. It can be seen
that nearly 40% of the
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Figure 11-2. Drawing of a muscle spindle to show the nature of attachment, the
arrangement of the intrafusal fibers, and how the afferent and efferent fibersenter the
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Figure 11-3. A nuclear bag and a nuclear chain fiber showing their innervation by group la and
Group |1 afferet fibersand y motoneurons. (Matthews PBC: Physiol Rev 44:219-288, 1964)

distinctionis

illustrated in Figure 11-3. A typical spindle
contains two nuclear bag fibers and 4-5
nuclear chain fibers.

The sensory innervation of the
muscle spindle arises from both group laand
group |1 afferent fibers. Asshown in Figure
11-3, asingle, large group lafiber coils

11-2

spindlereceptors. There appears to be only
one group laafferent fiber per spindle, but
every intrafusal muscle fiber within that
spindle receives innervation from that fiber.
Current thought isthat all group la afferent
fibers form annulospira endings, and
therefore the terms primary muscle spindle




afferent fiber and group |a efferent fiber are
used interchangeably. The smaller group I
fibersterminate at either end of the nuclear
region primarily on the nuclear chain fibers
(there is apparently some innervation of bag
fibers by secondary muscle spindle afferent
fibers, but there is disagreement as to how
much); they form flower -spray endings or
secondary muscle spindle receptors. There
usually are several group Il fibers
innervating each spindle. Not al group Il
fibers form such endings, so these terms are
not synonymous.

The intrafusal fibers are striated
muscle fibers that receive innervation from
the fusimotor neuronsor gmotoneurons.
Activity in fusimotor neurons produces a
contraction of the striated, polar regions of
the bag and chain fibers, putting stretch on
the equatorial region (where the receptor
regions are) that has few myofibrils and
therefore, haslittle contractility. Itis
apparently the stretching of this central
region, regardless of how it is accomplished,
that is the adequate stimulusfor both
primary and secondary spindle receptors.
The fusimotor neurons or g-motoneurons
should not be confused with the larger
skeletomotor neurons or a-motoneurons,
whose activity produces contraction of the
extrafusal fibers that do the work of the
muscle. The difference in diameter of
fusimotor (g-motoneurons) and skel etomotor
fibers (a-motoneurons) isillustrated in
Figure 11-4. The former average about 5
mm in diameter, the latter 13 nm.
Contraction of all theintrafusal fibers at
once does not produce any measurable
tension in the muscle. The intrafusal fibers
are much shorter than the extrafusal fibers,
4-7 millimeters compared with 3-50
centimeters. Extrafusal muscle fibers can
shorten by as much as 40% of their resting
length, which for a 20-cm muscle would be
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Figure 11-4. Fiber spectrum of efferent portion of a muscle
nerve. Indicated are A alpha and A gamma fibers, fusimotor
and skeletomotor fibers. (Boyd |A, Davey MR: Composition
of Peripheral Nerves Edinburgh, Livingstone, 1968

8 cm. Thelargest intrafusal fiber,
shortening by the same percentage, would
only change length by 2.8 mm. The
extrafusal fiber istherefore capable of a 30-
fold greater change in length. The average
human striated muscle fiber has a diameter
of about 60 mm; the intrafusal fiber averages
about 10 mm. Because the force produced
by askeletd muscle isproportional to its
cross-sectiond area, the extrafusal fiber is
capable of producing at least 36 times more
force than the intrafusd fiber. Add these
factorsto the relative numbers of intrafusal
(in cat soleus muscle about 300) and
extrafusd fibers (again in cat soleus muscle
about 25,000), and it is not hard to see why
intrafusal fibers do not generate much force.
It also appears that the mechanism
for generating force in intrafusal musde
fibers may be different than in extrafusal
fibers. There are no action potentialsin
intrafusal fibers asthere arein extrafusal
fibers (see Chapter 14), with a consequence
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that one striated end of an intrafusal fiber
may contract without the other end doing so.
This cannot happen in normal extrafusal
fibers.

Stretching the equatorial region of
the muscle spindle, the adequate stimulus
for the receptor, may be accomplished by ¢
motoneuron activation and intrafusal muscle
contraction. Another way to stretch the
equatorial region of the spindleisto stretch
the muscle and thereby stretch the entire
spindle (Fig. 11-5), because it is attached in
parallel with extrafusal muscle fibers.
Muscle spindle receptors respond to stretch
of the muscle and sgnal muscle length and
rate of change of length to the central
nervous system. Both primary and

Figure 11-5. Drawing depicting the stretch of the nuclear
region of the spindle caused by stretching the muscle (upper
pair) and by stimulation of gamma motoneurons, causing
the striated intrafusal fibersto contract (lower pair).

secondary spindle afferent fibers
give static or length-sensitive
responses to stretch, i.e., they
respond to maintained stretch in a
sustained (tonic) fashion a a
discharge frequency proportional to
the length of the muscle (Fig. 11-6).
Both primary and secondary muscle
spindle afferent fibersusually

Linear Stretch

Stimulus

Primary

Release

discharge tonically when the muscle
isat itsresting length. When the
muscle is gretched and held at some
new length (left side of figure,

Second

lengthening is an upward deflection

of stimulustrace), both types
increase their discharge rates and
maintain adischarge for aslong as

Figure 11-6. Responses of spindle afferent fibersto muscle stretch. A
monitor of the stretch (lengthening, upward deflection) is shown in the
upper trace Theresponse of a primary spindle afferent fiber is shown in
the second trace, that of a secondary spindle afferent fiber in thethird.

the new muscle |ength ismaintained (MatthewsPBC: Physiol Rev 44:219-288, 1964)

(an example of a slowly adapting

response). When the muscle is returned to
its resting length (right side of figure), the
primary spindle afferent fiber is observed to
stop discharging briefly and then begin again
at afrequency appropriate for its new resting
length, whereas the secondary spindle fiber
discharge does not stop, but just slows to the
appropriate rate. Thisisillustrated in Figure

11-4

11-6, where the monitor of the muscle
length is shown in the top trace and the
responses of a primary and secondary
spindle afferent fiber are shown in the
second and third traces. The gregter the
muscle length, the greater is the stretch on
the spindle and the greater is the satic
discharge of either type of spindle afferent




fiber. Infact, for static conditions, thereis

an approximately linear relationship between

the rate of discharge of the aferent fibers
and the length of the muscle. Thisis
illustrated in Figure 11-7, which is aplot of
discharge frequency versus length of the
muscle, for aprimary (filled circles) and a
secondary spindle afferent fiber (filled
squares)®. The frequency of discharge
increases monotonically and linearly with
increases in muscle length. The slope of
these relationsis called the position-
sensitivity and is usually about the same for
primary and secondary spindle receptors.

Only the primary muscle spindle afferent
fiber gives a dynamic or velocity-sensitive
response to muscle gretch. Asthe musde
length is being changed, the primary ending
signalsthe rate at which it is being changed.
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Figure 11-7. A plot of thefrequency of static dischar ge
of a primary and secondary muscle spindle against the
length of themuscle. Recor dings were made with
ventral roots cut. Primary resposesare plotted with
filled circles (Jansen JK'S, Matthews PBC: Acta
Physiol Scand 55:376-386, 1962)

The faster the muscleis stretched,
the higher is therate of discharge
of the ending. Figure 11-8 shows
the responses of both primary and
secondary spindle endings to two
stretches of the muscle at different
rates. A monitor of the muscle
length is shown in the upper traces,
the response of the primary ending
is shown in the second traces, and
the response of the secondary
ending is shown in the third traces

Linear
stretch

Frimary

O

Secondary

B

1

of both A and B. Notice that the
primary ending responds with a

Figure 11-8. The dynamic response. The monitor sof the sretch at two
different rates (A and B) areshown inthe upper traces Note that both
stretches start and end at the same muscle length. The responses of a

higher frequency during the faster
stretch in B, even though the initial
and find lengths are thesamein
each case. Also note that the rate
of discharge decreases from its

peak after the final length has been reached.
This decrease defines the dynamic index,

2

ventral roots cut.

Recordings were made with

primary ending are shown in the second traces; those of a secondary ending
are shown in thethird traces. Note the higher fr equency of discharge of the
primary ending at the higher rate of stretch (B). Note that the length of the
muscleischanging in phase 2 but is constant in phases 1 and 3 of these
records.

which is the difference between the dynamic
response frequency for that rate of stretch
and the static response frequency for that
final length and serves as an indicator of rate
sensitivity. When the veocity of stretch is
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zero, that is, when the musclelength is
constant (phases 1 and 3 of Fig. 11-8), the
discharge of the cell will be signaling only
the length of the muscle. The primary
spindle codes zero velocity with zero
"velocity" discharge, but with an appropriate
"length" discharge. When the muscleis
changing length, that is, when thevelocity is
not zero, there will be avelocity response, as
well as alength response that is appropriate
for the length of the muscle at each given
instant of time. Very near the end of phase 2
in Figure 11-8, the muscle has nearly
reached itsfinal length asin phase 3, but it is
still changing length. Becauseitslengthis
nearly that in phase 3, they can betaken as
equal for afirst approximation. Thisgives
the following conditions:
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Figure 11-9. A plot of the dynamic index versustherate of
stretch for a primary and a secondary muscle spindle afferent
fiber. Notethe flatness of the secondary curve. (M atthews
PBC: J Physid (Lond) 168:660-678, 1963)
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Thus, the dynamic index can be used as an
indicator of the velocity response. Figure
11-9isaplot of the dynamic index versus
velocity (or rate) of stretch for both primary
and secondary endings. The curve for
secondary endingsis flat compared with that
for primary endings, indicating that this
receptor has little sensitivity to the velocity
of stretch.

It is the dynamic response capacity of
the primary muscle spindle ending that
providesfor the vigorousresponse to
tapping the muscle tendon as the physician
doesinreflex testing (Fig. 11-10). Thetap
rapidly stretches the spindles (upper trace)
and the primary endings respond to this
rapid rate of stretching (second trace). The
secondary endings, because they lack
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littleif at all to the tap, which
produces only asmall changein

the length of the muscle (third

trace). After
abrief
stretch, the
spindle
returnsto its
original
length, and
the discharge
of the
primary
ending stops
and then it
returnsto its
prestretch
rate of
discharge.
This
behavior will

Tap
Stimulus A
Primary
Secondary

Figure 11-10 . Responses of primary
and secondary muscle spindle
afferent fibersto tapping the tendon
of the muscle that they innervate.
Monitor of changein length caused
by tap is shown in upper trace;
upward is an increase. (Matthews

PBC: Physiol Rev 44:219-288, 1964)




be important in our consideration of
the tendon tap reflex® (Chapter 15).
Fusimotor effects on spindle afferent
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whereas activity in dynamic
fusimotor fibersincreasesthe
dynamic response in primary spindle
receptors. These effectsare
illustrated in Figure 11-11. Trace A

Figure 11-11. Effect of gamma motoneur on discharges on spindle
sensitivity. A. Monitor of the muscle length during a stretch. B. Response
of aprimary spindle ending to stretch. C. Response of the ending to the
stretch during continuous gimulation of a single static fusimotor neuron
at 70/sec. D. Response of the ending to the stretch during continuous
stimulation of a single dynamic fusimotor neuron at 70/sec. (Crowe A,

is again the monitor of muscle length Matthews PBC: J Physiol (Lond) 174:109-131, 1964)

and trace B istheresponse of asingle
primary spindle afferent fiber to the stretch.
The effect is similar to that illustrated in
Figure 11-5. During trace C, asingle gatic
fusimotor fiber was stimulated at 70/sec.
The effect on the static stimulation was so
marked that the cell increased its discharge
at theinitial length; it discharged more
vigoroudly at itsfina length (but still sig-
naled both lengthsin its discharge); and the
dynamic response was masked by the
increase in the static response, resulting in a
decrease in the dynamic index, the indicator
of the velocity response. The same
procedure, thistime while stimulating a
dynamic fusimotor fiber, produced avery
marked change in the dynamic discharge,
but had much less effect on the static
response, although there was some increase
(Fig. 11-11D).

Such changes in the discharge

3 Thisissometimes called the
tendon jerk reflex.

properties show up more clearly perhaps
when the muscle is sretched and relaxed in
asinusoidal fashion rather than alinear
fashion. Records made of the discharge of a
primary muscle spindle afferent fiber are
shown in Fgure 11-12. Thefirst and fourth
traces show the action potentials discharged
by the fiber. The second and fifth traces are
amonitor of the stretch (upward deflection)
and relaxation (downward deflection) of the
muscle a 1 mm peak-to-peak at 3 Hz. This
sinusoidal stimulus was applied to the
muscle so that the zero position was
approximately at the resting length, the
muscle being stretched and relaxed equally
around it. The two remaining traces show
the period during the record when a dynamic
fusimotor neuron (third trace) and a static
fusimotor neuron (sixth trace) were
stimulated (i.e., stimulation is on when the
lineis present, off when it is absent). At the
beginning of each record there is a period of
time when there was no fusimotor
stimulation. The group lafiber discharges
during the stretch of the muscle and ceases
its discharge when the muscle is relaxed.
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Figure 11-12. The effect of fusmotor stimulation on the responsiveness of the mammalian primary ending to a
sinusoidal stretching of medium extent (1 mm peak-to-peak movement at 3 Hz). (Crowe A, Matthews PBC: J Physiol

(Lond) 174:132-151, 1964)

The average length of the muscle was not
sufficiently great in this experiment to pro-
voke a continuous discharge from the fiber.
The effect of dynamic fusimotor activity was
to increase the rate of discharge during the
stretch portion of the stimulus, but it did not
induce the cell to discharge during the
relaxation phase of the sine wave stimulus.
The static fusimotor activity, on the other
hand, converted the bursting response into a
continuous response that occurred at a
frequency appropriate for the average length
of the muscle during the stimulus. A similar
effect could have been achieved by
increasing the length of the muscle before
the sinusoidal stimulus was applied, i.e., by
setting the zero position of the sinusoid at
some length longer than the resting length.
The effects of fusimotor activity on
spindle receptors are summarized in Table
11-1. From the distribution of the primary
and secondary spindle afferent fibers and the
nature of the effectsit is possible to deduce
that dynamic fusimotor fibersinnervate
primarily nuclear bag fibers, whereas static
fusimotor neurons innervate nuclear chain or
nuclear bag fibers or both. In astudy of
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single chain and bag fibers, it was found that
stimulation of asingle dynamic ¢
motoneuron caused contraction of only bag
fibers; chain fibers were not affected. Static
g-motoneurons caused contraction of bag
fibers only, chain fibers only, or both
depending upon the static g-motoneuron.



Table1l-1

Comparison of Actions of Static and Dynamic Fusimotor Neurons

Phenomenon observed

Dynamic neuron

Static neuron

ending

Static response of primary ending Increase Slightly larger increase

Static response of secondary ending No effect Increase

Dynamic response of primary ending | Increase Decreasein dynamic index,
though rate may increase

Dynamic response of secondary No effect Remains small

Frequency of occurrence

One-fourth of g-fibers

Three-fourths of g-fibers

Intrafusal fiber type affected

Nuclear bag

Nuclear chain or bag or both

The important physiologicd effect of
the fusimotor innervation of the spindles

seemsto be to alter the

Actually, afamily of such parallel lines

would be generated by different rates of

bias of the spindle afferent
endings. Stimulation of a
static fusimotor neuron
increases the length dis-
charge of both primary and
secondary muscle spindle
afferent fibers for any
muscle length. Thisis
shown in Figure 11-13A.
The discharge rate without
the fusimotor activity is
plotted against muscle
length as the lower line, as
in Figure 11-6. With
fusimotor activity anew
relationship is generated

With static
gamma

Discharge rate, spikesisec

Without static
gamma

Dynamic index, spikesfsec

B

With dynamic
gamma

Without dynamic
gamma

B & 1012 741618
Extension, mm

10 22 30 40 50 EO
Velocity, mmisec

paralld to, but dlightly
above the lower line.

Figure 11-13. Effects of fusmotor neuron activity on the sensitivity of the primary or
secondary muscle spindle afferent fibersto length of the muscle (A) and of primary
muscle spindle afferent fibersto rate of change of length of themuscle (B).
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of stretch. Fi gure 11-13B Figure 11-14. Response of a primary spindle ending to stretching the muscle. L ower

shows two parallel curves

traceisamonitor of the musclelength. Middletr ace shows the response to the same
stretch with ventral rootsintact; upper trace, with ventral roots cut. (Jansen JKS,

relating velocity of Stretch t0 ;4 hews PRC: J Physiol (Lond) 161:357-378, 1962)

the velocity discharge rate,

expressed as the dynamic index. The upper
curveisthe discharge of the spindle under
the influence of ag-motoneuron discharge;
the lower iswithout such influence. Again,
there would be a family of such parallel
curves for different rates of g-motoneuron
discharge. Thevelocity dischargerateis
greater for any velocity with g-motoneuron
stimulation, and it is higher by a constant
amount. The effect of both static and
dynamic fusimotor neurons on the muscle
spindle receptorsis to increase their
discharge, in the one case, their discharge
for the length of the muscle (static fusimotor
neurons on both primary and secondary
spindle afferent fibers) and in the other case,
their discharge for rates of change of the
length of the muscle (dynamic fusimotor
neurons on the primary spindle afferent
fiber). Many people are tempted to say that
the g-motoneuron discharge increases the
sensitivity of the spindle receptors, but
actualy the change isin a parameter cdled
bias. A change in sensitivity would actually
result in a change in the slope of the
discharge rate-extension relation. The
slopes of the relations with and without g-
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motoneuron activity arethe same, the curves
are parallel. The kind of change actually
seen, i.e., that in Fig. 11-13A, iscaled a
changeinbias. Similarly, that seenin Fig.
11-13B isachangein bias.

It appears that thereis ongoing
fus motor activity (gamma tone or gamma
bias). Figure 11-14 shows the response of a
primary spindle receptor to stretch (monitor
in lower trace) when the ventral roots of the
spina cord are intact (second trace) and
when they have been cut (upper trace).
Recall that the y-motoneurons are efferent
fibers, and they exit the spina cord through
ventral roots. The discharge of the primary
spindle ending, both dynamic and static, is
reduced by cutting the ventral root,
suggesting that this fusimotor modulétion is
an ongoing thing, and that both dynamic and
static fusimotor fibers are active in the
absence of movement or stimulation.
Position-discharges (the dope of thelinesin
Fig. 11-13A) can fall from as high as 10
impul ses/sec/mm to four impul ses/sec/mm
when the ventral roots are cut. In addition,
spindle receptors become silent at minimum
lengths (see Fig. 11-6), acondition never



obtained with ventral roots intact. Except
during rapid shortening, primary endings
discharge some spikes even at shortest
muscle lengths in the presence of gamma
bias.

It is reasonable to ask why sensory
receptors like the muscle spindle receptors
would have something like gamma bias. One
likely reason can be seen by referring back
to Fig. 11-13A. In the absence of -
motoneuron activity, the muscle spindle
receptor would have adischarge of zero at a
1-mm length (extrapolate the lower curve
back to the x-axis). In that condition, it
would not be signding anything to the brain
about muscle length. But the job of the
spindle receptorsisto continuously signal
muscle length. The brain can make the
receptor signd something even at these
shorter lengths if it makes the vy-
motoneurons active. In the presence of vy-
motoneuron activity, the receptor would
have a non-zero discharge (read upward to

FAxon

Collagen
fiber

Figure 11-15. Thelocation of the Golgi tendon organ
at the muscle-tendon junction.

the upper curve at 1 mm). So, what the
gamma activity doesisto force the spindle
receptors to work in the center of their
operating ranges, not at the ends. But, you
might ask, isn’t the information that the
brain is getting about length false
information? In away, it is. But remember
that it was the CNS tha sent out the gamma
signal. It knows how large that signal was,
and presumably it knows what effect that
would have on the spindle receptors. It
might be just a matter of subtracting alength
corresponding to the gamma signal.

Golgi tendon organs.

The third muscle receptor of concern
to usisthe Golgi tendon organ. This
receptor lies near the muscle-tendon junction
(Fig. 11-15) or buried deep within the
tendon itself. The receptor consists of
specializations of the terminals of the group
Ib afferent fiber itself, with a delicate
capsule that surrounds the nerve which, in
turn, surrounds several fascicles of tendon.
The nerve fibers lie between fasciclesin
such away that they can be “pinched”
between them asthe forceisincreased. This
is how this receptor is thought to be
activated. Group Ib seems to be composed
entirely of Golgi tendon organ afferent
fibers, so these terms are used
interchangeably.

The Golgi tendon organ signalsto
the central nervous system the tension
developed by the muscle during contraction
or exerted on it during a stretch. For many
years, it was thought that these receptors had
high thresholds to muscle tension and
participated in controlling muscle activity
only at extremes of tension, functioning asa
protective device. Actually, the tendon
organs are relatively insensitive to tension
applied to the muscle by stretching it, but
they are extremely sensitive to tension
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developed by the musclewhen it contracts.
The reason for thisis that the tension on
tendon organsis different under passive and
active conditions. A muscle likethe cat's
soleus muscle has many extrafusd muscle
fibersinit (about 25,000), but only a few
Golgi tendon organs (about 45). Each
tendon organ is arranged in serieswith a
few muscle fibers (average 7-10). When
the muscle is stretched, the tension applied
is distributed across all 25,000 muscle
fibers, but the seven fibers associated with
each tendon organ only experience
7/25,000 to 10/25,000 of it—quite a small
amount. Also, the material of the tendon
in which the Golgi tendon organs are
located is stiffer at rest than the muscleis.
When the resting muscle is stretched, much
of the tension applied isused in stretching
the relatively compliant muscle fibers; the
differ tendon is not much affected. In
addition, the tension caused by stretching
the muscle is exerted on the tendons at an
angleto the Golgi tendon organs, so that

only the component of the force paralld to
the muscle fibers actually stretches the
tendon organ. This can be small, especially
in pennate muscles. On the other hand, if
the muscle contracts, the tension developed
by the extrafusal fibersis transferred directly

LA TR
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Figure 11-16. Comparison of the responsesof a primary spindle
ending and atendon organ. A monitor of themuscle stretch is
shown inthelower traceand the regponseof thespindle ending in
the upper trace. Theresponse of the tendon organ is shown in the
middletrace. Notethelater start in the discharge of the tendon
organ and the less vigor ous response. (Matthews BHC: J Physiol
(Lond) 78:1-53, 1933)

Twitch
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200 msec 1

to the tendon organ associated with
them. Not every tendonis
innervated by aGolgi tendon organ.
It appears that the system of tendon
organs "samples' the average
tension in various parts of the
muscle in the same way spindle
| afferent fibers sample its length.

spindle
ending

Galgi

tendaon

The response to muscle
stretch (monitor in lower trace) of a
Golgi tendon organ (second trace) is
compared with that of a primary

organ

spindle ending (upper trace) in

Figure 11-17. Response of a tendon organ (lower trace)

spindle ending (middle trace) during atwitch contraction of the muscle
containing them. A monitor of the muscle tension isshown in the upper
trace; an upward deflection isan increase in tension. (M atthews PBC:
Mammalian Muscle Receptors and Ther Central Actions. Baltimore,

Williams and Wilkins, 1972)
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Figure 11-16. The tendon organ has
both adynamic and a static
response, but it, of course, is
signaling tension and rate of change
of tension, rather than the length or

and aprimary



rate of change of length that the primary
muscle spindle signals. Because of the
series elastic properties of the muscle, the
tendon organ does not begin to discharge
until long (in neurophysiological time) after
the spindle ending has begun to discharge.
Thereal distinction between the response of
the two receptorsis seen when an isometric
twitch contraction is elicited in the muscle
(Fig. 11-17). When the extrafusal fibers
shorten (monitor in upper trace), the spindle
isunloaded because it is attached in parallel,
and the equatorid region relaxes. The result
isthat the primary spindle ending stops
discharging (middle trace). On the other
hand, when the muscle contracts
isometrically, it developstension, and thein-
series-attached Golgi tendon organ increases
its discharge (lower trace).

The differences between the three
types of muscle receptors are summarized in
Table 11-2. Although differencesin
location and sensitivity to different forms of
stimulation exist, these receptors work
together in controlling the activity of the
muscles with which they are associated, as
we shall seein another chapter.

Anatomical evidence
suggests that among muscle fascicles that
contain muscle spindles, Golgi tendon
organs are usually present at the muscle-
tendon junction. Thisisshown in Figure
11-1B and C. Thisrelationship suggests an
even closer cooperation than was previoudy
expected.
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Table11-2
Comparison of Properties of Receptorsin M uscle

Property Primary ending Secondary ending Golgi tendon organ
Location Mid-equatorial Juxta-equatorial Muscle tendon
region of bag and region of chain fibers | junction
chain fibersin in spindles
spindles
Afferent fiber Large, group la Small, group I Large, group Ib

Efferent control

Both static and
dynamic fusimotor

Static fusimotor

None known

Responseto ramp
stretch with plateau

Dynamic and static
(signaslength)

Static (signals length)

Dynamic and static
(signalstension)

Responseto release
of stretch

Abrupt silence

Progressive decline

Abrupt silence

Response to tendon Low threshold, High threshold, little | High threshold,

tap vigorous vigorous if threshold
is exceeded

Sensitivity to small High, especialy if Low Low

stretches rapid

Response to twitch Abrupt silence Abrupt silence Vigorous discharge

contractions

Signals

Muscle length and
rate of change of
length

Muscle length

Muscle tension and
rate of change of
tension
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Asasdf-test, try filling in the following table. Use only | for increase discharge, D for

decrease discharge, or N for no change.

Table11-3

Change in Dischar ge Rates of Muscle Receptors During Various Activities

Activity

Primary Spindle

Secondary Spindle | Golgi Tendon

Organ

Passive Stretch

| sometrict Contraction

| sotonict Contraction

L engthening? Contraction

! Details of isometric and isotonic contractions can be found in Chapter 14.
2 A lengthening contraction occurs when the muscle contracts but is forced to lengthen by aload

it cannot lift.

Summary.
Most mammalian striated muscles

are supplied with three types of receptors
that signal the contractile state of the
muscle. Thefirst isthe annulospiral ending
or the primary muscle spindle ending that
innervates the equatorial region of the
intrafusal muscle fibers of the muscle
spindles. The second is the flower-spray
ending or secondary muscle spindle ending
that innervates the ends of the nuclear
regions of primarily the nuclear chain,
intrafusal muscle fibers. Both primary and
secondary muscle spindle receptors signal
the length of the musclein alinear fashion
as afrequency code. Primary spindle
receptors aso signal the rate of change of
muscle length. Primary spindle endings are
terminals of group laafferent fibers, whereas
secondary endings are terminals of fibersin

the group Il range. The bias of both types of
spindle receptorsis controlled by the
fusimotor neurons or g-motoneurons that
innervate the muscular portions of the
intrafusal muscle fibers and cause them to
contract. Dynamic fusimotor neurons affect
mainly the dynamic or rate responses of
primary endings, whereas static fusimotor
neurons afect manly the static or length
responses of primary and secondary spindle
endings. Fusimotor neurons discharge
tonically resulting in gammabias or gamma
tone. The third receptor in muscleisthe
Golgi tendon organ that innervates the
tendon near the muscle-tendon junction and
signals muscle tension and rate of change of
muscle tension.

11-15



Suggested Reading:

1. Barker D [ed]: Symposiumon Muscle
Receptors. Hong Kong, Hong Kong
Univ. Press, 1962.

2. Bessou P, PagsB: Cinematographic
analysis of contractile events
produced in intrafusal muscle fibres
by stimulation of static and dynamic
fusimotor axons. J Physiol (Lond)
252:397-427, 1975.

3. BourneGH [ed]: The Sructure and
Function of Muscle, 2nd ed. Val. |-
[11. New Y ork, Academic Press,
1972.

4. Matthews PBC: Muscle spindles and
their motor control. Physiol Rev
44:219-288, 1964.

5. MatthewsPBC: Mammalian Muscle
Receptors and Their Central Actions.
Baltimore, Williams and Wilkins,
1972.

6. Olkowski Z, MonchaSL: Muscle
spindle. In Bourne GH [ed]: The
Structure and Function of Muscle,
2nd ed, Val. I, Part 2. New York,
Academic Press, 1973.

11-16



