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The myotatic reflex comprises at 
least the following events: (i) genera- 
tion of impulse activity by the primary 
endings of muscle spindles as a conse- 

quence of the stretch applied to the 
muscle, (ii) excitation of a-motoneu- 
rons, and (iii) development of muscle 
tension resulting from a-motoneuron 
activation. The dynamic behavior of 
the systems responsible for these events 
is largely unknown, although some data 
are available (1-3). Once these sys- 
tems are known, one can predict the 
behavior of the reflex under various 
conditions and can study the func- 
tional influence of supraspinal systems 
on spinal motoneurons. 

Study of the myotatic reflex also 
enalbles one to inquire into the func- 
tional significance of neuronal systems 
composed of multiple channels having 
similar information content. Indeed, 
the primary endings of muscle spindles 
converge upon single motoneurons and 
they seem to behave rather uniformly 
in response to muscle stretch, since 
the rate of impulse activity generated 
in these endings is nearly the same 
for all amounts of sustained stretch 
(4). Moreover, their dynamic behavior 
is similar (2), and the unloading pro- 
duced by the activation of even one, 
or of a few motor units, should af- 
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fect all the spindles similarly, if one 
assumes that the muscle fibers belong- 
ing to each motor unit are not highly 
segregated within the muscle (5). By 
use of a preparation in which differ- 
ences in spindle behavior due to y- 
motoneurons are abolished by cutting 
of the ventral roots, one can examine 
the result of the convergence, upon 
single motoneurons, of information 

conveyed by parallel channels. More- 
over, one can compare the behavior 
of single motoneurons with the be- 
havior of the motoneuron population 
to see what properties may arise from 

handling of similar information by mul- 

tiple units, on the assumption that the 

input distribution and the properties 
or the functional state (or both) of 
the individual motoneurons belonging 
to a uniform population are not 
the same. 

The dynamic behavior of the over- 
all myotatic reflex (stretch input and 
active-tension output) was measured in 
decerebrate cats (Fig. 1). The tendon 
was stretched as it would be for move- 
ments of the ankle joint as much as 
15 deg about the steady-state position 
(foot at 90-deg angle from leg). The 
gain (6) of the dynamic length-tension 
relation was about flat (Fig. 2A, curve 
b), and only a small but constant phase 
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difference was present between input 
and output (Fig. 2B, curve b), within 
the range of frequencies and ampli- 
tudes used. This behavior can be pre- 
dicted from the dynamic characteris- 
tics of the systems responsible for the 
reflex. 

Behavior of the primary endings of 
muscle spindles was measured in de- 
cerebrate cats (ventral roots cut or 
uncut) and in cats under barbiturate 
anesthesia (pentobarbital, 35 to 40 

mg/kg). The modulation component 
of the impulse activity in a single pri- 
mary ending, evoked by sinusoidal 
stretches of different amplitudes and 
frequencies, was determined by a re- 
ported technique (7). The results yield- 
ed by use of slightly different resting 
lengths and different average firing fre- 

quencies (between 18 and 30 impulses 
per second) can be fitted by a single 
curve (Fig. 2A, solid circles). The be- 
havior ceased to be linear for displace- 
ments above 50 to 100 / (Fig. 3B). 
Within these limits the percentage mod- 
ulation increased linearly with increas- 
ing displacement amplitude, and the 
modulation component was sinusoidal. 
At the larger amplitudes the distribu- 
tion of impulse activity was no longer 
sinusoidal, and saturation occurred at 

approximately 300 I (Fig. 3A). 
The second step in the myotatic re- 

flex, the processing of afferent informa- 
tion by a-motoneurons, involves at 
least two separate processes: demodula- 
tion of information carried by afferent 

impulses (synaptic processes), and re- 
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Fig. 1. Stimulator. The hind leg is fixed 
at the distal ends of the femur and tibia 
with pins. The steady-state value of muscle 
displacement was chosen to correspond 
to the limb position shown-foot ap- 
proximately 90 deg from leg. The ampli- 
tude of sinusoidal displacement (d) of the 
extensor muscles is that due to displace- 
ment of the' foot through angle 0 (up to 
15 deg). Stimulus applied at a displaces 
triceps surae only. Stimulus applied at b 
displaces both flexor and extensor muscles. 
Sinusoidal displacements were generated 
by a feedback-controlled, variable-speed 
d-c motor that turned a variable-offset 
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Sinusoidal displacements were generated 
by a feedback-controlled, variable-speed 
d-c motor that turned a variable-offset 
shaft. Displacement was measured by a 
photocell, and tension was measured by a 
strain gage on the output shaft. The sinus- 
oidal displacement at c was applied at 
a or b, appropriate adjustments in ampli- 
tude being made by variation in the 
amount of offset. 
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Myotatic Reflex: Its Input-Output Relation 

Abstract. The dynamic properties of the myotatic reflex and of its components 
were determined by a systems-analysis approach. The gain and phase relations 
between an applied stretch, which initiates the reflex, and the output of the pri- 

mary muscle spindles, which impinge upon a-motoneurons, are not further changed 

by the properties of the motoneurons. The dynamic relation between motoneuron 

activity and the resultant muscle tension balances these changes in gain and 

phase; the result is a flat gain and nearly zero phase difference between stretch 
and tension produced by the myotatic reflex. Moreover, the distribution of activity 
in multiple channels extends the range in which the overall reflex is linear. 
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ng of the information into im- with the demodulated output of stretch 

activity (motoneuron output). receptors (primary endings), with which 
examination of the first process, a sample average was needed for re- 

cnemius motoneurons of decere- covery of the information. The gain 
cats, with ventral roots cut, were and phase of the information, after 
Id with KCl-filled microelec- demodulation by the synaptic processes, 

Transmembrane potential are essentially the same as those meas- 
es, evoked by sinusoidal stretches ured for the spindle output. This rela- 
d to the triceps surae muscles, tion implies that, within the range of 
measured. The impaled neurons input frequencies used, (i) the frequen- 
iyperpolarized through the micro- cy response of synaptic processes is 
)de to prevent generation of im- flat, and (ii) virtually no time-integra- 
activity. There was no need to tion takes place in the motoneuron. 
,e the membrane potential The membrane time constant of a- 
es (less than 10 mv in amplitude motoneurons and the decay time of 
e three cells included in the plot) the postsynaptic potentials are too 
sclosure of the sinusoidal modu- short to provide for such time-integra- 
This finding is in sharp contrast tion within the range of frequency 

studied by us. 
The output from the motoneuron 

.. a population, which in each of the cells 

*A d 
o results from the reencoding of infor- 

o/ - mation contained in the synaptically 
0gw ?induced membrane potential changes, 

.Aj^S *^ Awas examined in decerebrate cats by 
,,,-^0~ ^~recording of the gastrocnemius electro- 

- ^-- ̂a-P^*-^ 
b myogram with four large disk elec- 

^+~ '--~ b ^trodes. The activity was demodulated 

-?;+ $by a filter having characteristics such 
+ that signals with frequency content be- 

+\+ low 6 hz were unaffected. 

_~ \ p The data points (Fig. 2, open circles) 
fall along the line (curve a) that de- 

_ - I-1- I I scribes the muscle-spindle behavior; 
0.5 1 2 4 6 HZ thus the reencoding of information by B ?o, a the participating motoneuron popula- 

_^-o^A 4Ltion has no appreciable dynamic ef- 
- o A fect on transfer of information in the 

A^-? 
? 

range of frequencies considered. 

,A A A A Curve c (Fig. 2) describes the dy- 
----~-- b namic relation between impulse activity 

in the motor nerve and muscle tension 
+ + in the triceps surae, which is the last 

+,-?- +event occurring in the myotatic reflex. 
4;- Our results do not differ from those of 

-4a C .Partridge (3), who showed an increas- 
0.5 1 , 4 HZ 

- 
ing phase lag and a decrease in tension 

0.5 1 2 6 HZ 

amplitude as the modulation rate of 
Frequency-response characteristics. the electrical stimuli applied to the 

plots of (A) relative gain (see text), 
3) phase of output with respect to motor nerve was increased. In our ex- 
as a function of stimulus frequency. periments modulation depths up to 15 
a is drawn through points repre- percent of the carrier frequencies (20 
r rthe gain and phase of primary- to 35/second) were used; within these 

output ( a), a-motoneuron trans- 
rane potential (0), and electromyo- ts there was no devaton from 

(A) in response to sinusoidal linear behavior. 
es of the triceps surae. Curve c is Comparison of curves a and c (Fig. 
through points (+) representing 2) shows that the increases in gain and 

nd phase of triceps surae tension in 
se to sinusoidally pulse-frequency- hase lead wth frequency that are 
alted stimuli to the gastrocnemius observed at the output of the primary 
leus nerves. Curve b is the sum of endings, and which are found unaltered 
a and c (note that this is equivalent at the motoneuron output, are ab- 

dtiplication in (A), since this is a tiplication -in (A), since this is a sorbed by the loss of gain and by the 
; plot). Experimental points (A) 
ent gain and phase of triceps surae phase lag that characterize the rela- 
1 in response to sinusoidal stretches. tion between motoneuron activities and 
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muscle tension [curve b is the sum 
of curves a and c (Fig. 2)]. Thus the 
dynamic behavior of primary endings 
offers a frequency compensation for the 
tension-producing mechanisms; this fac- 
tor contributes to stabilization of the 
myotatic reflex when this is viewed as a 
feedback-control system (8). 

Concerning the effect of multiple 
channels, our findings are: 

1) The transmembrane potential 
changes that result from the synaptic 
excitatory actions exerted by the in- 
formation converging upon the single 
cell, through the primary-spindle af- 
ferences, follow more closely the sinu- 
soidal input, or information, than does 
the modulation of impulse activity in 
individual afferent channels. This fact 
suggests that the convergence of simi- 
lar information upon a single moto- 
neuron allows this cell to perform a 
sample average; consequently informa- 
tion applied at the input (displacement) 
is present in the motoneuron without 
the need of averaging the incoming in- 
formation over repeated trials. 

2) Although the output from pri- 
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50 

Fig. 3. Responses to sinusoidal stretching. 
(A) Peak-to-peak output amplitude (im- 
pulses per second or millivolts) plotted 
in arbitrary units as a function of peak- 
to-peak ,amplitude at sinusoidal muscle 
stretch (millimeters) at 1 hz. a, Primary 
spindle from gastrocnemius muscle ( ). 
b, Gastrocnemius motoneuron transmem- 
brane potential (0). c, Gastrocnemius 
electromyogram; two preparations (A, 
A). (B-D). Heavy curves are the aver- 
aged responses of primary spindles (B), 
motoneuron transmembrane potential (C), 
and electromyogram activity (D). Light 
curves are reference sinusoids added for 
comparison; they do not represent the in- 
put function. Numbers indicate the peak- 
to-peak input stretch amplitudes in mi- 
crons. All records were taken with input 
frequency at 1 hz. The vertical bars to the 
right of each group represent equal am- 
plitudes. See text. 
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mary endings is linear in our experi- 
ment only for displacement amplitudes 
of 50 to 100 /t, in the range of fre- 
quencies used, the motoneuron output 
(electromyogram) is still linear for 
stretches of up to about 2 mm. This 
averaged output from the motoneuron 
population is sinusoidal for input am- 
plitudes greatly exceeding those at 
which linear behavior ceases for pri- 
mary endings and single motoneurons 
(Fig. 3). Although the contribution by 
individual motoneurons to this lineari- 
zation process is still to be assessed, 
there can be no doubt that the distri- 
bution of activity in parallel output 
channels is the factor mainly responsi- 
ble for extension of the linear range 
of the overall reflex; the distribution of 
thresholds in the participating moto- 
neuron population could largely ac- 
count for this result. However, the ef- 
fects of nonmonosynaptic excitatory 
actions upon a-motoneurons, which 
may depend on either primary-spindle 
ending or other receptors, cannot be 
excluded. We have excluded only the 
possibility that the presence of inhibi- 
tory actions from antagonistic muscles 
may favor linearization. In a series of 
experiments in which the innervation 
of muscle antagonistic to the triceps 
surae was initially intact, the stimulus 
being applied to the foot so that the 
activities of flexor and extensor mus- 
cles were interacting normally, remov- 
al of the influence from antagonistic 
muscles caused no apparently signifi- 
cant difference; the gain was reduced 
by only 5 to 10 percent, the sugges- 
tion being that inhibition from antago- 
nistic flexor muscles has no great effect 
on the output of extensor motoneurons 
under the stated conditions. 

Preliminary data indicate that Ren- 
shaw negative feedback may have a 
measurable effect on higher input fre- 
quencies than those encompassed here 
(above 8 hz), at which the feedback 
seems to synchronize the activity of 
motoneurons. This synchronization pro- 
vides the possibility of increase in 
peak tension after recruitment of moto- 
neurons ceases to contribute. However, 
there is no indication of a detectable 
contribution by Renshaw inhibition to 
extension of the linearity. 
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merge to produce paradoxical sleep. 

While seeking the effects of different 
tensions of atmospheric oxygen on the 
spinal reflexes of monkeys and cats, 
we noticed alterations in sleep pat- 
terns in the experimental animals (1). 
The most striking change was disap- 
pearance of the paradoxical phase of 
sleep when atmospheric pO2 reached 
a certain low. Recent studies of ani- 
mals indicate correlation between! 
changes in behavior, metabolism, and 
circulation and the onset of paradoxical 
or REM (rapid eye movement) sleep 
(2). These studies suggest directly or 
indirectly changes in the metabolic pat- 
terns of neurons, which seem to reach 
a particular state of increased metabolic 
activity during REM sleep (3), but 
the mechanism by which REM is re- 
leased or provoked remains unknown. 
Most reported measurements are con- 
cerned with changes in a physiological 
process: for example, change in brain- 
tissue impedence indirectly implies 
changes in activity within the brain 
(4). The electroencephalogram (EEG) 
changes (5), temperature changes (6), 
and alterations in cerebral blood flow 
(7) imply the same. One result sug- 

merge to produce paradoxical sleep. 

While seeking the effects of different 
tensions of atmospheric oxygen on the 
spinal reflexes of monkeys and cats, 
we noticed alterations in sleep pat- 
terns in the experimental animals (1). 
The most striking change was disap- 
pearance of the paradoxical phase of 
sleep when atmospheric pO2 reached 
a certain low. Recent studies of ani- 
mals indicate correlation between! 
changes in behavior, metabolism, and 
circulation and the onset of paradoxical 
or REM (rapid eye movement) sleep 
(2). These studies suggest directly or 
indirectly changes in the metabolic pat- 
terns of neurons, which seem to reach 
a particular state of increased metabolic 
activity during REM sleep (3), but 
the mechanism by which REM is re- 
leased or provoked remains unknown. 
Most reported measurements are con- 
cerned with changes in a physiological 
process: for example, change in brain- 
tissue impedence indirectly implies 
changes in activity within the brain 
(4). The electroencephalogram (EEG) 
changes (5), temperature changes (6), 
and alterations in cerebral blood flow 
(7) imply the same. One result sug- 

impulse activity of the muscle spindles and 
motoneurons was transformed into an analogue 
function proportional to impulse frequency by 
use of one of two different techniques: In 
one, impulses were used to trigger a hyper- 
bolically decaying voltage which was sampled 
by a track-and-hold device (zero-order hold); 
the result was an analogue voltage propor- 
tional to the "instantaneous frequency" of 
impulse activity. The other technique used a 
linear low-pass filter to demodulate the fre- 
quency-modulated impulse train. The two 
techniques are equivalent within the linear 
range considered. 
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gests that the changes in temperature 
are achieved by peripheral diversion 
of blood rather than by brain metabo- 
lism (8); other reports are of con- 
comitant changes in hormonal levels in 
the blood and the urine during para- 
doxical sleep (9); but none of these 
findings can be manipulated for in- 
duction or deprivation of paradoxical 
sleep in an animal. Some ingenious 
methods have been designed to pre- 
vent REM, but they are mainly con- 
cerned with waking or manipulating the 
animal as soon as it enters paradoxical 
sleep (10). Ability to deprive an animal 
of a phase of sleep, particularly para- 
doxical sleep, without having to wake 
it, offers a new approach toward un- 
derstanding of the significance of as 
well as the mechanisms involved in 
sleep. Our experiments show how a 
low partial pressure of oxygen can de- 
prive cats of paradoxical sleep. 

We used five cats in which surgical 
stainless steel electrodes were implanted 
in the roof of each orbit to monitor 
ocular movements. Stainless steel screw 
electrodes were placed bilaterally on 
the occipital and frontal cranium to ob- 
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Paradoxical Sleep: Effect of Low Partial 

Pressures of Atmospheric Oxygen 

Abstract. When cats are subjected to an atmosphere of 100 percent oxygen at 
a sufficiently low pressure, their sleeping patterns are changed: paradoxical sleep 
disappears and drowsiness increases. This change appears when the pressure de- 
creases to a level close to that at which the hemoglobin begins to dissociate. Return 
of a cat to a normal atmosphere produces a rebound: the cat spends more time 
in paradoxical sleep than it did during the base-line period. This finding suggests 
that a mechanism, closely related to the metabolism of oxygen in the brain, must 
play an important role in the production of paradoxical sleep. Yet the increase in 
paradoxical sleep after decompression indicates that still other mechanisms must 
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