Sternberg and Scarborough (6)
showed that, in arrays of size one, con-
secutively occurring numerals are proc-
essed at overlapping times, that is, that
P3 is partly parallel and not purely
serial. Taken together with our results,
this means that all component operations
of scanning overlap each other in time.
Scanning may be concentrated on either
a few locations or spread out over many;
for a considerable range of conditions
the overall scanning rate is approxi-
mately constant (I3).
subjects, the maximum overall rate
varies from about 75 to 125 letters per
second (equivalent to the discrimination
of 1 letter from a numeral every 8 to
14 msec).

What is the role of eye movements in
visual search? In visual search, as in
nearly all visual tasks, the eyes make
quick saccadic movements at rates not
exceeding about 4 or 5 movements per
second, and thereby the eyes effectively
transform the visual input into a se-
quence of stimuli with ISI’s of 200 to
250 msec (I14). Even these minimum
times between eye movements (for ex-
ample, 200 to 250 msec) are five times
longer than the ISI’s that produce the
fastest scanning rates in the present
experiment (40 to 50 msec). When
arrays are presented at ISI’s comparable
to those between eye movements, scan-
ning rates generally are much lower than
the maximal rates—in fact, the data
imply that most scanning occurs during
the first half of the ISI (Fig. 2, c and d).
Therefore, in the simple search for a
numeral among letters, the rate of eye
movements is a factor that significantly
limits the rate of search, and a method
like the sequential search paradigm is

needed to estimate a scanning rate that
is unconfounded by eye movements. Can

replacing the sequence of stimuli gener-
ated by eye movements with a sequence
of stimuli generated by a computer re-
sult in a comparable improvement in
performance in complex visual tasks
such as reading? That is, can eye move-
ments gainfully be replaced by stimulus
movements, even when the rate of proc-
essing rather than the rate of eye move-
ments is the limiting factor? These are
important practical questions, and the
sequential presentation procedures offer
the means to answer them.
GEORGE SPERLING, JUDY BUDIANSKY
JERRY G. SPIVAK, MARTHA C. JOHNSON
Bell Telephone Laboratories,
Murray Hill, New Jersey 07974,
and New York University,
Washington Square,
New York 10003
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Circadian Rhythms and Body Temperature

Abstract. Deep body temperature of the house sparrow, Passer domesticus,
was monitored continuously by radio telemetry. Pinealectomy abolished the nor-
mal circadian rhythm of body temperature in constant darkness, and significantly
altered the amplitude of body temperature rhythins entrained to light cycles.
The body temperature minima of pinealectomized birds never fell as low as

. those of unoperated birds regardless of the light conditions; the temperature

maxima of both normal and pinealectomized birds were higher in light than in
darkness. In sparrows the pineal organ is essential to the normal function of the
biological clock controlling both activity and body temperature rhythms and may

be directly involved in thermoregulation.

Only a few investigators have suc-
ceeded in interfering with the biologi-
cal clock by surgical manipulation (I).
The work of Gaston and Menaker
showing that removal of the pineal
organ results in the loss of the endoge-
nous circadian rhythm of locomotor
activity in the house sparrow is the
only such study in vertebrates. The
appearance of apparently aperiodic

activity after pinealectomy of birds .

kept under constant conditions of
darkness or dim light has been repeat-
edly confirmed in this laboratory and
elsewhere (2). In order to determine
the extent of the pineal’s role in the

circadian system of birds, we have
investigated the influence of pinealec-
tomy on temperature. We have found
that pinealectomy abolishes the endog-
enous temperature rhythm, and that it
affects body temperature regulation
in ways that may not result directly
from its effects on rhythmicity.

As reported by Hudson and Kimzey
(3), Passer domesticus has a circadian
rhythm of body temperature change
which we found to have an amplitude
of 3.0° to 4.5°C (4). In our experi-
ments this rhythm persisted with a
circadian period in all unoperated
birds for as long as they were main-
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tained in constant darkness (up to 42
cycles in one case). As was expected (5),
the period of the rhythm changed as a
function of time in DD. The rhythm
was synchronized by (entrained to)
light cycles (LD 12:12), and, under
these conditions, its period was 24
hours and the onset of the daily tem-
perature rise preceded lights on (Figs.
1 and 2).

Pinealectomy (6) abolished the
body temperature rhythm in constant
darkness in all eight birds on which
it was successfully performed (Fig.
2). In no case did rhythmicity reap-
pear. (The longest DD recording was
33 days.) Each of five birds served
as its own control in that rhythmicity
in DD was observed before surgery
(as in Fig. 2); three other birds had
been pinealectomized for some time
before recording began. Sham opera-
tion had no effect on rhythmicity (Fig.
1).

Although arrhythmic in constant
darkness, the body temperatures of
pinealectomized birds were rhythmic in
the presence of light cycles (LD 12:12)
and were entrained by them. In pine-
alectomized birds on LD 12:12 the
daily body temperature rise occurred
earlier with respect to lights-on than in
unoperated birds on LD 12:12—a
difference not seen in the simultane-
ously recorded activity records. How-
ever Gaston (1) has reported a simi-
lar effect of pinealectomy on the phase
of the activity rhythm in birds ex-
posed to LD 6:18.

Arrhythmic body temperatures, sim-
ilar to those of pinealectomized birds
in DD, were recorded from normal
sparrows in constant light (Figs. 1 and
3). Birds in LL raised their tempera-
tures immediately (Fig. 1) and main-

Fig. 1. Body temperature record from a
sham-operated bird. The telemeter was
implanted 16 days before the beginning of
the record. Each horizontal line represents
24 hours of data. The data have been ar-
ranged vertically so that each day’s record
is below that of the previous day. The
data were traced by hand from the original
records and shaded to improve visualiza-
tion. The baseline for shading was chosen
so that it was just below the minimum
value in the entire record, and the base-
line is constant throughout the record. The
bird was entrained to an LD 12:12 light
cycle (indicated by the bar above the
record) until the day marked DD when it
was placed in constant darkness. At SH

tained them at high level indefinitely.
However, the recovery of rhythmicity
in subsequent LD cycles was different
from a like process in pinealectomized
birds. The transfer of a normal bird
from LL to LD produced an imme-
diate recovery of body temperature
rhythmicity (Fig. 3 top), whereas the
transfer of a pinealectomized bird
from DD to LD initiated rhythmicity

|
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-

Fig. 2. The effect of pinealectomy on body
temperature. The telemeter was implanted
in the bird whose record is shown 103
days before body temperature recording
began. During that period the bird was
maintained on the light cycle, as is indi-
cated by the bar at the top of the record.
On the day marked DD, the bird was
placed in constant darkness. At PX the
bird was pinealectomized and returned to
DD. T indicates technical problems with
the monitoring system. The faint rhythm
discernible for several days during the

second week after pinealectomy is believed
to have been due to a light leak. The data
were handled as in Fig. 1.
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the bird was sham-operated (6 ) and replaced in DD, The free-running rhythm was un-
perturbed by this surgery. The bird was placed in constant light on the day marked LL.
Body temperature rose and rhythmicity was lost.
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only gradually (Fig. 3 bottom and
Fig. 4).

Analysis of variance in daily tem-
perature maximums, minimums, and
temperature maximums, whether or not
ment indicates that (i) light raised the
temperature maximums, whether or not
the birds were pinealectomized; (ii) pine-
alectomy raised the temperature mini-
mums regardless of whether the birds
were in LD or DD; (iii) pinealectomy
had a greater effect on the amplitude of
daily temperature changes than did
light; and (iv) the effects of pinealec-
tomy and light on the temperature max-
imums, minimums, and amplitudes were
independent (Fig. 5). Examination of
the records obtained from individual
birds in the different conditions fully
supports the results obtained for the
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Fig. 3. Comparison of arrhythmicity pro-
duced by constant light with that produced
by pinealectomy. The two types of ar-
rhythmicity and the subsequent responses
of the bird to LD can be compared in two
records taken from the same bird before
(top) and after (bottom) pinealectomy.
The change from LL to LD initiates
rhythmicity immediately in the normal
bird, whereas after pinealectomy the
change from DD to LD produces rhyth-
micity more gradually and the resulting
rhythm is of lower amplitude.
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data grouped by treatment. As is sug-
gested by Fig. 5, pinealectomy lowers
the temperature maximum in DD sig-
nificantly (P <.01 in a two-tailed #-
test).

In P. domesticus the persistence in
constant darkness of two overt rhythms
(locomotor activity and body tempera-
ture) has now been shown to depend
on the presence of the pineal. Although
‘persistence in constant darkness is
abolished by pinealectomy, the pres-
ence in pinealectomized birds of re-
sidual time-keeping machinery is indi-
cated by the fact that, when entrained
(LD 12:12), their daily body tem-
perature rise occurs in anticipation of
lights on. The question now arises as

Fig. 4. Simultaneously recorded body
temperature and perch-hopping activity
records from a pinealectomized bird. The
bird had been pinealectomized for 28 days
and had been in DD for 16 days when
the telemeter was implanted (just prior
to the initiation of body temperature re-
cording). Each day’s activity record has
been placed below the corresponding tem-
perature record. Both activity and body
temperature appear to be aperiodic in DD.
At LD the bird was placed in the LD
12 : 12 cycle indicated by the bar at the
top of the record. Rhythmicity in the
activity record appears rapidly, while the
response -of the body temperature cycle
is slower. T indicates a 30-hour period of
technical difficulty.

- sociate,

to how closely coupled are these two
overt rhythms. Is the circadian rhythm
of body temperature simply a direct
reflection of that of activity (or vice
versa) or are the two rhythms caus-
ally independent?

In humans entrained to short-period
cycles or in constant conditions, tem-
perature and activity rhythms may dis-
exhibiting different periods
(7). This is direct evidence that the
two rhythms may not be causally re-
lated. No such evidence exists for
birds, and the data in our study do
not bear directly on the question of
possible dissociability. However, many
of the details of the body temperature
records did not directly correspond to
the perch-hopping records made si-
multaneously (for example, the be-
ginning of the daily temperature rise
almost always preceded the onset of
perch hopping). While this observa-
tion suggests that the two rhythms may
not be causally related, its force is
weakened by the fact that only perch-
hopping behavior (not total activity)
was monitored. Another kind of ob-
servation however, makes clear that if
a causal relationship does exist be-
tween these two rhythms, it is not com-
plete. The data shown in the bottom
of Fig. 4 are simultaneously collected
activity and body temperature records
from a pinealectomized sparrow ex-
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Fig. 5. Daily body temperature maximums
and minimums of birds grouped by treat-
ment. The bars of the graph are defined
by the mean daily body temperature max-
imums and minimums. One standard error
is indicated in each direction for each
mean. The number on the bar indicates
the number of birds from which data were
used to calculate the means (measure-
ments on 3 days were averaged for each
bird). Temperature measurements were
taken manually from the continuous rec-
ords and were based on telemeter calibra-
tions preceding and following a record.
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posed to a light cycle after many days
of arrhythmicity in DD. The activity
rhythm is evident from day 1 of the
light cycle, whereas it is at least 4
days until a clear body temperature
rhythm can be discerned.

There are two effects of pinealecto-
my on the body temperature regulation
of P. domesticus. The circadian rhythm
is abolished, and the amplitude of the
temperature fluctuations is reduced.
These two effects may be but are not
necessarily related. One could imagine
that it would be possible to produce
arrhythmicity without affecting am-
plitude or conversely to affect ampli-
tude without abolishing rhythmicity.
Thus it may be that independent of
its role in the circadian system, the
pineal is involved in the fine tuning of
the hypothalamic thermostat (8).

The pineal organ and its metabo-
lites have both been linked to circadian
rhythmicity and to the control of body
temperature. In two independent stud-
ies (9), pinealectomized rats shifted
the phase of their activity rhythms
more rapidly than did normals in re-
sponse to a change in the phase of the
light cycle. Daily rhythms in pineal
level of serotonin, melatonin, and
norepinepherine have been described,
as have rhythms in the activity of two
enzymes (hydroxindole-O-methyl trans-
ferase and N-acetyltransferase) involved
in the conversion of serotonin to
melatonin (10, 11). Melatonin injected
subcutaneously in mice lowers the
body temperature by 2° to 3°C (I2).
Pinealectomy lowers cloacal tempera-
ture in lizards (I/3)—an effect that
may be due either to a change in
thermoregulatory behavior or to direct
interference with physiological mecha-
nisms of temperature control.

In most previous studies the circa-
dian system has been treated as a
“black box”; the organism has been
subjected to environmental “input”
(usually light or temperature signals),
and the resulting changes in its rhyth-
mic behavior have been measured and
analyzed as “output.” Our own results

and those of others indicate that further'

analysis of pineal function may pro-
vide a lever with which to pry the lid
off the “black box” of circadian organi-

zation.
SUE BINKLEY

EpwaArD KLUTH
MICHAEL MENAKER
Department of Zoology,
University of Texas,
Austin 78712
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Color- and Edge-Sensitive Channels in the
Human Visual System: Tuning for Orientation

Abstract. After subjects scanned red stripes tilted clockwise off vertical and
green stripes tilted equally but counterclockwise, vertical test stripes appeared
tilted counterclockwise when red but clockwise when green. As the angle between
scanned and test stripes was increased from 0° to 75°, the magnitude of the tilt
aftereffect rapidly increased to a peak between 10° and 15° and then dropped
close to zero at about 40°, a result consistent with narrowly tuned edge-sensitive

channels.

The existence of channels in the hu-
man visual system which are both se-
lectively sensitive to color and tuned to
a limited range of edge orientations was

-suggested by early observations and has

been further supported by recent psy-
chophysical experiments (Z). In 1965
McCollough (2) reported that follow-
ing a period of alternately scanning an
orange-black vertical grating and a blue-
black horizontal grating, a vertical

black-white test grating appeared faintly
blue-green, while its horizontal counter-
part appeared faintly orange. When
ordinary chromatic afterimages are
excluded as an explanation (3), McCol-
lough’s demonstration implies desensiti-
zation of color and edge-orientation spe-
cific channels, although the breadth
of tuning for orientation remains un-
specified (4). We have found confirm-
ing evidence for such channels by show-

SCIENCE, VOL. 174



