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WYRWICKA, W. and M. B. STERMAN. Instrumental conditioning of sensorimotor cortex EEG spindles in the waking cat. 
PHYSIOL. BEHAV. 3 (5) 703-707, 1968.--The spontaneous occurrence of a 12-20 cps slow-wave spindle recorded from sen- 
sorimotor cortex in waking food-deprived cats was systematically reinforced by presentation of milk. This specific EEG 
pattern was detected by a filter-relay system, the discharge of which was capable of activating the feeding apparatus within 
an experimental behavior chamber. After several sessions, with 50 reinforcements per session, this sensorimotor rhythm 
appeared more frequently and demonstrated a regular temporal pattern of occurrence. The consistent behavioral correlate 
of this EEG response was the assumption of stereotyped postures, characterized by a complete cessation of spontaneous 
activity. Withholding milk reinforcement resulted in a considerable enhancement of the sensorimotor rhythm during the 
initial period of extinction. Such changes were not observed, however, when other patterns of sensorimotor cortex electrical 
activity were reinforced in a similar manner. We conclude that, in the present experiments, it was possible to establish a 
conditioned sensorimotor cortex slow-wave response of the instrumental type, and that this sensorimotor rhythm has 
functional significance as a conditioned "central state" related to the inhibition of phasic motor behavior. 
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EXPERIMENTS WITH INSTRUMENTAL conditioning have shown 
that essentially any behavioral act may be conditioned. 
Recently, it has become evident that not only somatomotor 
reactions, but also autonomic responses [9, 10, 15] and 
electrocortical activity [4, 5] can be successfully regulated 
through instrumental conditioning. With regard to the latter, 
the most distinctive changes which can be detected in EEG 
recordings are those associated with the behavioral transition 
from wakefulness to sleep. Low-voltage, high-frequency 
(desynchronized) activity which characterises the alert animal 
is progressively replaced by a sequence of high-voltage, low- 
frequency (synchronized) patterns indicative of the several 
stages of "slow-wave" sleep. Classical conditioning of both 
spontaneous [12] and electrically-induced [16] EEG slow- 
wave patterns has been demonstrated in cats. Using a shock- 
avoidance procedure, Izquierdo et al. [4] were able to establish 
a conditioned EEG desynchronization to tone in sleeping 
cats, who showed no visible signs of an associated behavioral 
awakening. Kamiya [5] has obtained evidence for instru- 
mental conditioning of the EEG alpha rhythm in man by 
using verbal reinforcement. 

Our laboratory has been interested in patterns of localized 
EEG slow-wave activity which can be recorded from the 
cortex of the awake cat in relation to certain specific behaviors. 
One of these patterns, which we have termed the "sensori- 
motor rhythm" or SMR, can be detected over coronal and 

peri-cruciate cortex during the extinction of an instrumental 
response and in association with negative conditioned 
responses [11, 13]. This rhythm consists of a 12-20 cps burst 
of synchronized EEG activity over motor cortex in an 
awake animal whose EEG from other cortical areas is clearly 
desynchronized. The specific details of cortical localization, 
electrical characteristics and other salient features of this 
rhythm have been published elsewhere [11]. In  the present 
investigation we attempted to utilize this EEG rhythm as an 
instrumental response and to determine whether or not this 
response could be subjected to modification through instru- 
mental conditioning procedures. Moreover, we were inter- 
ested in establishing more clearly the functional significance 
of the SMR by reference to its direct behavioral correlate. 

METHOD 

Each of four adult cats (3 males and 1 female, weighing 
3-4.5 kg) were surgically prepared with ~-in. jeweler's screws 
threaded into the skull in pairs over coronal gyrus bilaterally, 
and in an anterior-posterior sequence, 2 mm apart, over 
lateral (also termed marginal) gyrus, on one side. After 
recovery from surgery the animals were observed individually 
in a sound-attenuated behavior chamber supplied with a 
one-way viewing window and a relay-operated, dip-type 
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hquid feeder apparatus. They were attached by a 20- 
connector cable, shp-rmg assembly and counterweight 
mechanism to a Grass VI electroencephalograph. 

Training sessions were carried out three times a week on 
alternate days. The animals were food-deprived for approxi- 
mately 22 hr when brought to the experimental chamber. 
They received condensed milk during experimental testing, 
supplemented by dry meat or fish 1-2 hr after its termination. 
The animal initially learned to obtain liquid food from the 
feeder apparatus through manual random presentations of 
0.5 cc milk in the feeder cup. In order to achieve the objec- 
tives outlined above it was necessary to establish an instru- 
mental conditioning situation, utilizing the SMR as the 
response to be reinforced. This was accomplished in the 
following manner. Spontaneous SMR activity, which is 

during which mdk reinforcement was presented randomly. 
In the fourth session visual detection of an episode of SMR 
activity lasting for at least one-half second was utilized as a 
criterion for reinforcement by contiguous presentation of 
milk. The discrete nature of this rhythm and the contrasting 
low-voltage pattern of desynchronization in its absence made 
this criterion quite reliable. After one such "shaping" 
session, reinforcement of  the SMR was accomplished auto- 
matically. Sensorimotor EEG signals were fed into a series 
of solid-state amplifiers with twin "T"  feedback networks. 
These networks were tuned to select a number of  very narrow 
frequency bands and to reject all others (including harmonics 
of  selected frequencies). In this manner the frequency com- 
ponents of SMR activity from each animal were determined. 
Peak frequencies were established as 13 cps for two animals 
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FIG. I. Example of recurrent conditioned SMR activity recorded bilaterally from sensorimotor 
cortex in the cat. In this animal milk reinforcement was presented for SMR from right coronal gyrus. 
Asymmetry of SMR activity from the two hemispheres is usually observed, and may be attributed to 
differences in electrode placement or individual differences among the animals. Note the absence of 

spindle activity from marginal gyrus during coronal SMR discharge. 

"easily" detected visually, was initially reinforced by manual 
operation of the feeder device. The rhythm was usually 
visualized over both left and right sensorimotor areas simul- 
taneously, but was seldom absolutely symmetrical (Fig. 1). 
Recordings from the electrode pair yielding the highest 
voltage of SMR activity were thus utilized for conditioning 
tests. The experiment was initiated with three test sessions 

and 17 cps for the two others. Calibrated attenuation circuits 
were used to adjust the voltage output of a given filter. This 
output was fed to an integrator circuit, which specified that a 
signal containing at least 4--6 waveforms of the appropriate 
peak SMR frequency, at a voltage 100 per cent above back- 
ground level, would activate the feeder mechanism (Fig. 2). 

With automatic reinforcement established, conditioning 

EEG 
FILTER RELAY 
OUTPUT ACTIVATION 

CORONAL G~RUS,~--S~r--,~ 

L AT 0¥ 0S . . . . . . . . . .  . . . . . . .  

POST LAT GYROS . . . . . . . .  . . .~I IM;I~_ 

RELAY  IT;77 
FIG. 2. Samples of spontaneous spindle activity recorded from the 
coronal gyrus of waking cats were subjected to frequency analysis 
as shown above. Solid state twin "T" feedback networks then 
passed the precisely-selected frequency signal through adjustable 
voltage attenuator and integrator circuits, which were adjusted to 
establish certain criteria for the operation of a final relay circuit. 
During training sessions this relay activated the chamber feeder 

apparatus. 
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sessions consisted of  50 automatic presentations of  milk in 
relation to the occurrence of the SMR. After 20 consecutive 
conditioning sessions the experimental series was terminated 
by an extinction session. This was accomplished by with- 
holding reinforcement for 30 rain after 15 normally-reinforced 
trials. After a two-day interval, a control series was initiated 
in which milk was presented manually only in relation to a 
desynchronized pattern visually detected in the coronal gyrus 
(also utilizing the absence of automatically-registered SMR 
activity). This series was terminated by an extinction session 
ldenttcal to that described above. 

Following another two-day interval, a third series was 
carried out m which the previously-conditioned SMR was 
again reinforced during 20 consecutive sessions, followed by 
an extinction session. 

Throughout each of  these series visual observations were 
carried out simultaneously with the recording of  EEG 
activity, and of  the relay discharges associated with the 
occurrence of  the SMR (see Fig. 2). Quantification of the 
SMR for evaluation of experimental effects was achieved by 
measurement of the frequency and duration of relay closure. 
During extinction sessions the relay system continued to 
indicate the presence of the SMR, but was no longer connected 
to the feeder mechanism of the chamber. 

animal appeared to "freeze" briefly during normal activities, 
such as walking or searching (Fig. 3-A). In the first training 
session the cats usually began to assume a definite motionless 
posture between reinforcements and to display the SMR 
regularly (Fig. 3-B). The previously random behavior was 
replaced by a systematic alternation between feeding and the 
assumption of motionless stereotyped postures. Each animal 
developed its own specific posture. One cat (SW-1) charac- 
teristically arched its back while its eyes were fixed straight 
ahead. Two other animals (SW-2, SW-3) went to a fixed 
location at the front of the chamber and stood "at attention." 
The fourth cat (SW-4) assumed a half-sitting posture at the 
wall opposite to the feeder. Other observations suggest that 
a decrease in muscle tonus and a suppression of respiratory 
activity accompany the occurrence of SMR activity. With 
the development of  such behavior the SMR, which previously 
had appeared only randomly or in relation to the onset of  
sleep [13], showed not only an increase in percentage occur- 
rence, but also a systematic temporal distribution, recurring 
periodically in relation to these various stereotyped postures 
(Fig. 3-C). When milk was delivered upon the occurrence of 
the SMR the animals immediately approached the feeder. 
After consuming the milk they returned quickly to their 
original positions. 
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FIG. 3. The charts shown above indicate the time distribution of 0.25 sec epochs 
of SMR activity during (A) initial random milk reinforcement, 03) first training 
session, and (C) last training period before extinction test. Each vertical line 
represents and individual epoch, and adjacent lines indicate continuing SMR 
activity. These data samples were taken, in each instance, during a continuous 

five-rain period, ten min after the initiation of a given session. 

15 

RESULTS 

Conditioning of the Sensorimotor Rhythm 

In the early stage of  this series bursts of  synchronized 
activity occurred transiently over the coronal gyrus when an 
I t  

Extinction was carried out after 20 conditioning sessions. 
Following the first 15 trials of  the twenty-fast session, milk 
was withheld for 30 minutes and then the session was termi- 
nated. The occurrence of  SMR activity increased markedly 
in the first 5 minutes following this procedure, while the 
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electrical activity from other leads remained desynchronized 
(Fig. 4-A). The cats simultaneously showed extended periods 
of alert but motionless behavior. In the next stage of extinc- 
tion periods of motionlessness were alternated with periods of 
general restlessness, accompanied by desynchronizatlon of the 
EEG in all leads. Finally, brief episodes of sleep, accompanied 
by synchronized patterns in all leads could be observed. 
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FIG. 4. These graphs indicate the course of events during the 
initial period of extraction in each training series for one cat. The 
broken vertical line shows the point at which food was withdrawn 
in each instance. The absolute amount of SMR activity in sequen- 
tial 20-see samples is shown on the ordinate for a period six 
minutes before and after food withdrawal. Plus marks indicate 
operation of the feeder prior to the beginning of extinction. In 
series A and C, SMR activity was the reinforced sensorimotor 
cortex pattern. In series B, low-voltage fast activity from the same 
leads was reinforced. Note the specific increase in the occurrence 
of SMR activity during the initial period of extinction in A and C, 
and its contrasting absence in B. The enhancement of SMR 
activity during extinction was usually greater after reconditioning 

than after the original training series. 

Conditioning of Desynchlonized Sensorlmotor Area Electrical 
Activity 

In this experimental series milk reinforcement was made 
contingent upon the occurrence of a desynchronized (low- 
voltage, high-frequency) electrical pattern from the sensorl- 
motor cortical area. The previous conditioned SMR response 
faded in the first training session and was replaced by a 
consistently desynchronized pattern. The behavior of the 
cats changed also. They became constantly active, searching 
the chamber, circling and performing frequent discrete 
spontaneous movements. The previously-observed quiescent 
postures were absent from their behavior. 

Once more an extraction session terminated this experi- 
mental series. As can be seen m Fig. 4-B, the initial period of 
extinction was characterized by an absence of the SMR, in 
contrast to its enhanced status under these circumstances in 
the first series. The behavior of the cats was also different; 
they showed an intensification of the restless activity des- 
cribed above. After some 15 mm the cats tended to become 
less active and frequently rechned. During these quiet 
episodes the SMR was observed to reappear. 

Reconditioning of the SensoHmotor Rhythm 

For this last series the filter relay system was used again to 
provide milk reinforcement in association with the occurrence 
of the SMR. Initially, the animals displayed desynchromzed 
cortical actiwty and behavioral restlessness. However, they 
gradually returned to postures resembling those displayed in 
the first SMR conditioning series, concurrently with the 
reappearance of related, and systematically-generated, periodic 
SMR activity over the coronal gyrus. The extinction session 
produced results similar to those observed in the first series 
(Fig. 4-C). However, the enhancement of SMR activity 
during the initial minutes of extinction was greater in this 
series. 

D I S C U S S I O N  

A comparison of the electrical actlwty displayed from 
sensorimotor cortex during the various experimental series 
described here indicated that the overall pattern was modified 
by the conditions of reinforcement. That is, in the first and 
third series when the SMR was reinforced, this activity 
increased in its rate of occurrence and became systematically 
distributed in time. Moreover, the SMR was considerably 
enhanced during the initial period of extinction. Conversely, 
in the second series when milk was presented in association 
with the absence of SMR activity, a desynchronized EEG 
pattern dominated the sensorimotor cortex recordings, and 
no increase in SMR activity accompanied the initial period 
of extinction. These findings are in accord with the results 
usually obtained during the training and extinction of typical 
instrumental conditioned reactions [6, 7]. From these facts 
we may conclude that the discrete SMR reinforced by milk 
in our experiments became an instrumental conditioned 
response. 

Behaviorally, conditioning of the SMR leads to a recurrent 
alternation between idiosyncratic motionless postures and 
feeding reactions. This observation may lead some to 
conclude that the corresponding SMR was simply associated 
with the development of these stereotyped postures. How- 
ever, the postures assumed by the animals differed from one 
another and were sometimes variable in a given animal in the 
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course of training. Moreover, the appearance of a given 
posture was necessary but not sufficient for the occurrence 
of SMR activity. The latter typically developed several 
seconds after the stereotyped posture was assumed. Ulti- 
mately, the behavioral feature common to all animals in 
every session was an absolute suppression of phasic-motor 
activity m an alert animal. Thts suggests, instead, the develop- 
ment of a "central state" of inhibition which is reflected both 
by the suppression of phasic-motor actwity and by the change 
m the electrical activity from sensorimotor cortex. The 
general nature of this central influence is indicated, also, by 
the observation of a suppression of respiratory activity in 
relation to the occurrence of a conditioned SMR. 

The SMR resembles the activity induced in sensorimotor 
cortex by stimulation of the basal ganglia or non-specific 
thalamus, manipulations which are known also to induce and 
facilitate motor inhibition [2, 3]. Extrapyramidal feedback, 
moreover, has been attributed an important role in motor 
inhibition by Massion [8], who demonstrated a filtering 

process in ventrolateral thalamus which modulates cerebellar 
input to sensorimotor cortex. Sensory feedback also may 
influence thalamo-cortical motor mechantsms, as suggested 
by the findings of Andersson and Wolpow [1]. Transection 
of the primary somatosensory projection pathways in the 
spinal cord of cats resulted in the appearance of slow-wave 
activity, specifically in somatosensory cortex. They suggest 
that the elimination of afferent input from specific receptor 
systems can alter the physiological organization of corres- 
ponding cortical projection areas. Presumably, therefore, 
extrapyramidal, proprioceptive and interoceptive stimuli can 
provide sufficient feedback information for the CNS to 
define this inhibitory state and to activate the pathways 
required for its production in order to obtain food. We are 
presently attempting to determine the subcortical structures 
involved in the generation of the SMR, with the hope that 
this will shed light, also, upon the central mechanisms of 
behavioral inhibition. Findings and implications in this 
regard have been discussed elsewhere [11, 13, 14]. 
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