
markers and by the relatively few 
frames of film spanned by the contrac- 
tion. The anterior region of Stentor 
contracts little, and it is harder to deter- 
mine the arrival of the contractile wave 
in this area. Measurements of propaga- 
tion velocity in anterior segments (seg- 
ments a to I and I to II in Fig. 1A) 
have higher uncertainties than those in 
the stalk. With these values included, 
the calculated velocities in nine differ- 
ent animals have ranged from 5 to 25 
cm/sec. 

It is possible to initiate contraction 
locally in the stalk region with a me- 
chanical stimulus, as is illustrated in 
Fig. 2. A graphical analysis of this 
contraction (Fig. 1B) shows that the 
contractile wave is capable of spreading 
in both anterior and posterior direc- 
tions. The mechanism responsible for 
such propagation, at least in the longi- 
tudinal direction, is not polarized. 

A distinctly different picture of con- 
traction emerges when electrical stimu- 
lation is used. Figure 1C displays an 
example of electrically induced contrac- 
tion in which all segments begin to con- 
tract within the same 0.38-msec inter- 
val. This interval is too short to be due 
to a propagated contractile wave orig- 
inating from a distinct initiation point 
as shown by examples of mechanically 
induced contraction that take several 
milliseconds to spread across the ani- 
mal. Electrical stimulation is capable 
of initiating contraction in many areas 
of Stentor simultaneously. 
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Single Cell Activity in the Auditory Cortex of Rhesus 

Monkeys: Behavioral Dependency 

Abstract. The response to repetitive stimulation of single cells in the auditory 
cortex of the monkey is dependent upon behavioral performance and training of 
the subject in a simple auditory discrimination task. In the trained, performing 
animal, single cells are more responsive than in the animal that is trained but not 
performing in the task. In the naive monkey, evoked responses are labile and 
are maintained only with nonrepetitive auditory stimuli. 
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The central auditory system, from 
the eighth nerve to the cortex, has 
been examined extensively by means of 
acute (1) extracellular recordings from 
single units (2), and patterns of neural 
response to a variety of acoustic stimuli 
throughout the auditory pathway have 
thus been specified. However, certain 
limitations must be placed on data ob- 
tained with this approach. For example, 
anesthetics greatly alter single cell re- 
sponsiveness (3). Moreover, chronic 
(1) electrophysiological techniques 
yield data that indicate a dependence 
of single cell activity within the audi- 
tory system upon behavior or "atten- 
tiveness" of the animal (4). Thus, the 
contribution of data obtained in acute 
studies to the understanding of neural 
functioning in awake, behaving animals 
is to some degree restricted. Chronic 
recording techniques for investigation 
of neural activity provide a more nearly 
normal physiological preparation than 
that offered by the anesthetized subject. 
Coupled with behavioral procedures for 
training nonverbal animals, these tech- 
niques allow investigation of single cell 
activity in unanesthetized, behaving ani- 
mals, and in animals trained to report 
the occurrence of stimuli presented to 
them. 

We report observations of single cell 
responsiveness in the auditory cortex 
of rhesus monkeys (Macaca mulatta) 
with emphasis on the effects of three 
behavioral conditions: (i) trained ani- 
mals performing an auditory discrimi- 
nation task; (ii) animals trained to the 
auditory task, but not performing; and 
(iii) awake, untrained animals. 

Training and both electrophysiologi- 
cal and behavioral testing took place 
in sound-attenuated experimental cham- 
bers (Industrial Acoustics 400A or 
1200A), with subjects restrained in 
primate chairs. Head movement was 
eliminated during testing sessions by 
rigidly fixing the head at three anchor 
points (5). During aseptic surgery a 
stainless steel chamber was anchored 
permanently to the skull over the mid- 
dle-posterior extent of the Sylvian fis- 
sure. 

For electrophysiological testing, tung- 
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stainless steel chamber was anchored 
permanently to the skull over the mid- 
dle-posterior extent of the Sylvian fis- 
sure. 

For electrophysiological testing, tung- 

sten microelectrodes were driven 
through the intact dura into cortex by 
a remotely controlled micromanipulator 
(Trent Wells), which was attached to 
the steel chamber on the monkey's 
head. With this preparation, isolated 
cells may routinely be studied for 1 to 
2 hours. At termination of some of the 
penetrations into the cortex, small 
marking lesions were made to aid in 
later identification of recording sites. 
Standard electronic equipment was 
used in amplification and recording of 
the electrophysiological activity and in 
generation and control of acoustic stim- 
uli. Auditory stimuli included clicks, 
bursts of white noise, bursts of pure 
tone, and verbal utterances. These audi- 
tory stimuli were delivered through a 
PDR-600 ear speaker (Permaflux) ad- 
jacent to the ear contralateral to the 
cortical recording site. Calibration of 
pure tone and white noise acoustic sig- 
nals was performed with a Briiel and 
Kjaer /2-inch condenser microphone 
and a calibrated probe tube. Probe tube 
measurements were made at the en- 
trance to the external auditory meatus. 
Intensities are given in decibels referred 
to 0.0002 dyne/cm2. 

Subjects were trained, by techniques 
described (6), to perform in a simple 
auditory reaction time (RT) task. This 
task involved depressing a telegraph 
key at the onset of a light stimulus, 
maintaining the key depressed for a 
variable duration (1- to 4-second fore- 
period), and releasing the key rapidly 
at onset of the acoustic stimulus. Key 
release responses of brief latency were 
positively reinforced by delivering a 
dollop of applesauce to the animal's 
mouth. Final performance of monkeys 
in this task is similar to that of humans 
in a simple auditory RT task. 

Results in this report are based on 
responses of approximately 150 single 
cells examined in seven unanesthetized 
monkeys. In animals trained and per- 
forming in an auditory RT task, single 
cells were readily isolated and studied 
which exhibited a consistent maintained 
response to repetitive auditory stimuli. 
Some cells were excited by onset and 
offset of the auditory stimulus, and 
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others were suppressed by stimulus on- 
set. The latter group exhibited a de- 
crease in firing rate with onset of the 
auditory stimuli. Cells were found with 
either broad or narrow response fields 
throughout the frequency range of 
hearing for this primate (7). 

In order to examine the relation 
between single cell activity and be- 
havioral performance in this auditory 
task, we studied cells both when the 
animal was performing the behavioral 
task and when no performance was 
required. In the nonperforming condi- 
tion, the light, telegraph key, and 
feeder were inactivated, and "free" 
tones were presented to the animal at 
a rate commensurate with that gener- 
ated when he was working normally in 
the task. For each cell examined, the 
performing and nonperforming condi- 
tions were repeatedly alternated. Typi- 
cal effects of behavioral performance 
on cellular activities are illustrated in 
Fig. 1. In this example, response con- 
tours are shown for one cell excited by 
stimulus onset and offset (8). 

The cell exhibited a narrow receptive 
field, with the best frequency at ap- 
proximately 200 hz. It responded with 

a nonmonotonic change in firing fre- 
quency to increases in the intensity of 
stimulation. These observed character- 
istics, including small differences in the 
receptive fields of the responses to stim- 
ulus onset and offset, remained identi- 
cal under the performing and nonper- 
forming conditions. However, the firing 
frequency of the cell when the animal 
was performing was far greater than 
that elicited when the animal was not 
responding to the tones in the behav- 
ioral task (9). 

In animals untrained in the auditory 
RT task, we found few cells that were 
consistently responsive to repetitive 
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Fig. 2. Probability of response to repeti- 
tive tonal stimulation in one cell of an 
untrained animal. These data were ob- 
tained by examining the response of this 
cell to five different successive sets of pure 
tone stimuli of 15 trials each. 
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Fig. 1. Firing frequency of a cell ex- 
cited by stimulus onset and offset. Ob- 
servations were made (left) while the ani- 
mal performed in the behavioral task, and 
(right) while the animal was not perform- 
ing. In the inset, decibels are referred 
to 0.0002 dyne/cm2. 

clicks, white noise bursts, or tonal 
stimulation. Of approximately 50 cells 
that responded to acoustic stimuli in 
the untrained animal, more than 85 
percent exhibited a maintained respon- 
siveness only to nonrepetitive acoustic 
stimulation. Thus, consistent evoked 
responding from these cells was ob- 
served only with simple stimuli, such 
as pure tones presented randomly in 
time, or with complex stimuli, such as 
verbal utterances. 

With repetitive stimulation, most of 
these cells exhibited high initial prob- 
ability of response, which decreased 
during the first four to ten stimulus 
presentations. Figure 2 illustrates an 
example of this change in responsive- 
ness. Nonsystematic changes in excit- 
ability were seen both during and after 
the initial decrease in responsiveness. 
Neither the initial change in probability 
of response nor subsequent changes 
could be related to variation in spon- 
taneous activity or to other obvious 
fluctuations in cellular activity, or to 
the state of the preparation. 

Because the cells in the untrained 
monkey exhibited no consistently main- 
tained response with repetitive stimula- 
tion, detailed study of their character- 
istics was difficult. In response to onset 
of the auditory stimulus, some cells 
within this group were excited and 
others were suppressed, Moreover, all 
cells examined within this group ex- 
hibited some response selectivity de- 
pendent upon frequency of tonal 
stimulation. 

Cell response in the untrained mon- 
key may be contrasted with the re- 
sponsiveness of cells in the trained but 
nonperforming monkey. Whereas in 
the untrained, awake animal the prob- 
ability of cell response diminished rap- 
idly with repetitive stimulation, no 
similar decrease in response probability 
was observed in cells studied in mon- 
keys trained to perform in the RT 
task. Cell responses to repetitive stim- 
ulation presented during the nonper- 
forming condition were consistent and 
showed none of the marked variability 
in cells of the untrained animal. Thus, 
it appears that differences in neuron 
activity can be found which reflect not 
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only conditions of performance and 

nonperformance but also the long-term 
effects of training. 

Our observations indicate a clear de- 
pendence of cortical cell activity on the 
behavioral state of the animal (10). 
On the basis of these results we argue 
that the interpretation of electrophysio- 
logical data in sensory systems must 
take into consideration not only the 

physiological state of the preparation 
but also the training and current be- 
havioral state of the awake animal. We 
suggest that interpretation of cellular 

activity in sensory behavior requires, 
beyond the traditional analysis of neu- 
ronal response to stimulus manipula- 
tion, the specification of rigidly defined 
behavioral contexts within which stim- 
uli are presented. The effects on cell 

activity of systematic changes in the 
animal's behavior can then be assessed. 
A number of conditioning procedures, 
such as the RT method, are available 
for the precise measurement of sensory 
function in animals (11). Coupled with 
available chronic electrophysiological 
procedures and adequate control of 
the sensory stimuli, these procedures 
satisfy the requirements of such an ap- 
proach. They permit the systematic in- 

dependent control of both the periph- 
eral input to the animal and the 
behavioral context within which it is 

presented. It is proposed that such an 

approach is necessary if we are to 
evaluate the role of central structures 
in behavior (12). 
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Nucleotide Conformations Nucleotide Conformations 

Rubin et al. (1) in comparing the 
conformations of uridylyl-(3',5')-adeno- 
sine phosphate (UpA) (2) and A- 
RNA (3) have perpetuated errors in 
Sundaralingam's earlier dihedral angle 
calculations (4) from A-RNA coordi- 
nates. The correct values of the con- 
formations are shown in the first 
column of Table 1. In any case, 
these RNA coordinates, from a manual 
model-building study, have for some 
time been superseded by the more 
accurate results of linked-atom least- 
squares refinements (5, 6), the second 
of which utilized high quality data from 
a synthetic, complementary double-heli- 
cal RNA that provided almost twice as 
many x-ray reflections as the original 
(isostructural) viral RNA. Rubin et al. 
(1) were concerned also to emphasize 
the conformational differences between 
UpA and A-RNA. Use of the erroneous 
angles or even the corresponding cor- 
rect, but inaccurate, values obscures 
some striking similarities in conforma- 
tion. 
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cal RNA that provided almost twice as 
many x-ray reflections as the original 
(isostructural) viral RNA. Rubin et al. 
(1) were concerned also to emphasize 
the conformational differences between 
UpA and A-RNA. Use of the erroneous 
angles or even the corresponding cor- 
rect, but inaccurate, values obscures 
some striking similarities in conforma- 
tion. 

Rather than compare the UpA con- 
formations with a single polymer struc- 
ture determination (however accurate), 
we show in Table 1 the mean values 
(and estimated standard deviations from 
the mean) of conformation angles (Fig. 
1) found in eight appropriate (7), heli- 
cal, polynucleotide structure determina- 
ations. We also show corresponding 
data derived from x-ray analyses of 
monomer crystals (8). 

Twenty values for conformation 
angles in two structurally distinct UpA 
molecules are available (Table 1). Ex- 
cept in three instances (p of one mole- 
cule and f, p of the second) the values, 
or average values where appropriate, 
differ by less than two standard devi- 
ations from the corresponding average 
values observed for polynucleotides to 
date. The three exceptional values are 
equally similar to conformational alter- 
natives noted in monomers (9). In the 
great majority of its conformation- 
angles, therefore, UpA has values no 
more different from any particular 
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Table 1. A comparison of the backbone conformations in UpA, double-helical polynucleotides 
and monomers. The angles are defined in Fig. 1. No estimated standard deviation (E.S.D.) 
from the mean is shown for a- in the case of the polymer structures (*) since the sugar ring 
was kept fixed in the linked-atom, least-squares refinements. 

(UpA) I (UpA) II 
Conf Early (deg) (deg) Mean values (and E.S.D.) Confor- UpA 

mation -N mean 
maglen results mean Linear Monomers 

(deg) A U A poly(deg)ers Monomers 

(deg) 

X 62 108 80 98 69 89 89(9) 79(10) 
of 75 94 81 83 87 86 83(*) 77(13) 

69 52 54 57 49 53 53(3) 52(8), -179(9), 
-67(2) 

0 165 -167 -159 -163 -169(17) 176(13) 
--78 -88 84 - 69(17) 5 60(15), -179(9), 

(p -83 164 84 -60(14) 
w -136 -138 -159 -149 -166(19) -108(16) 

451 
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