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This study analyzes cellular and field-potential responsesin striate and inferotemporal
cortex to visual stimuli in monkeys performing a memory task (delayed matching-tosample). Each trial was initiated by a brief alerting diffuse flash preceding presentation
of the memorandum (sample); the latter was a lighted circle (red or green, 1.5 s) to be
retained by the animal during a subsequent delay for correct behavioral response (color
match). The alerting flash evoked distinct excitatory cell responses and field potentials
in the occipital cortex; those two orders of phenomena were broadly related to each
other in temporal terms. By contrast, most cells in the inferotemporal region were
inhibited by the flash, although the local evoked field potential had a configuration
similar to that of the occipital potential. In each region, the sample stimuli elicited
excitatory unit responses which summed to a unimodal distribution with an initial
component roughly corresponding in time course to the local field potential. Although
the shortest response latencies were found in occipital cortex, considerable temporal
overlap of the sample-related activities in the two cortices was observed. The finding
that most inferotemporal cells, unlike occipital cells, treated only the sample with
excitatory response indicates that the inferotemporal cortex is selectively attuned to
visual detail. However, the largely simultaneous activation of both cortical regions
following the onset of the sample suggests that discriminative visual information is
processed by hierarchic interactions of the two cortices through their reciprocal connections. 0 1985 Academic PIW, Inc.
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INTRODUCTION
In the last two decades, there has been considerable interest in the capacity
of the visual system to represent details of the environment. However, broader
questions are now being asked regarding the neural integrative processes at
the basis of visual perception. Of special concern are the mechanisms by
which the organism analyses visual stimuli as a function of their behavioral
relevance.
The retinal-genicular-striate
pathway has long been established as the anatomically dominant visual pathway (49). Major projections of the striate
cortex lead through prestriate regions to inferotemporal cortex (36, 38, 47).
The anatomic evidence of successive stages of projection from the retina to
the inferotemporal cortex has led to the proposition that photic signals are
analyzed sequentially; at each stage progressively more complex analysis would
be completed (33,43,44). That idea is supported by the finding of progressively
longer latencies of unit and evoked-potential response to a stimulus as the
hierarchy of structures within that pathway is ascended (7, 29, 46). Furthermore, lesions at any level within the sequence block transmission of impulses
to subsequent stages (28). Lesions in lower stages tend to impair the sensory
aspects of vision (39), whereas those in higher stages affect mainly its cognitive
aspects, such as discrimination and memory (44). That is in accordance with
the assumption that there is a hierarchy of sensory functions underlying perception (32).
In the primate nervous system, however, there have been numerous demonstrations that the flow of information may follow a diversity of functional
pathways depending on the nature of the visual stimulus. Initial suggestion
of functional dichotomies came from the demonstration that retinal ganglion
cells can specialize to encode two different types of information: either large
and abrupt changes in the visual field or fine details (6, 16). The retinalgenicular-striate pathway appears to convey both of them along separate
channels (3, 34, 35, 40) into the prestriate areas (59, 63). The transiently
responding retinal cells send a second projection to the superior colliculus
(SC), presumably for detection of major environmental changes (55,62), and
the SC in turn projects through the pulvinar (4) to visual cortex (5). Furthermore, coordination of information from these two pathways may explain why
inferotemporal cortex units not only respond to specific complex visual stimuli
(27), but show sensitivity to task demands (41) and context (23). Thus, there
may be two retinal-cortical
pathways to support visual integration ( 11).
We identified and analyzed patterns of cortical activity related to visual
events in order to ascertain the temporal aspects of visual cognitive processing
in the cortex. Two types of visual information-a
brief alerting signal and a
prolonged color discriminandum-were
presented to attentive monkeys in
the behavioral context of a visual, short-term memory task. One objective
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was to determine whether or not the temporal characteristics of event-related
neuroelectrical responses, in striate and inferotemporal cortices, warrant the
assumption of two separate and sequential stages of information processing
in those two cortical regions.
METHODS
Subjects. The experiments were conducted on two male rhesus monkeys
(Macaca mulatta, 8 and 10 kg). The monkeys had access to food ad libitum

but water was restricted during experimental periods.
Behavioral Paradigm. The monkeys were trained to perform a delayed
matching-to-sample
task (8) while seated in a primate chair facing a stimulus
panel (Fig. 1). The panel contained an upper rectangular section (22 X 45
cm) of translucent plastic and a lower white opaque section (38 X 45 cm) in
which three translucent stimulus-response buttons (2.5-cm diameter) were
placed. The three buttons formed an isosceles triangle with the vertex up, the
latter at eye level and at a distance of about 18 cm from the eyes. A white
flash (10 PS, 13 Ix at the position of the monkey’s eyes), diffusely illuminating
the panel’s upper section, alerted the animal and initiated each trial. Two
seconds later, the top button was fully illuminated with colored light projected
from the rear through Cinemoid color filters. That colored light, either green
(530-nm peak wave length, 4.5 ft lamberts) or red (620 nm peak wave length,
3.0 ft lamberts) was the sample for the trial. The monkey was allowed only
1.O s to press the lit button, though the illumination
lasted I .5 s. Ten seconds
after the offset of the sample, the two lower buttons were illuminated, one
red and the other green. The animal, for juice reward, was then required to
press the button whose color matched the sample. Sample color and position
of that color in the two choice buttons were randomized and counterbalanced
across trials (25). Therefore, in order to perform the task correctly, the animal
was obliged to remember the color ofthe sample. Throughout the experiment
the monkeys performed 80% correct or better. The intertrial interval was
about 30 s.
Surgical Procedure. The monkeys were surgically prepared (pentobarbital
anesthesia) for electrophysiologic recording. Metallic sleeves were attached to
the skull to anchor the animal’s head in the primate chair. Two electrode
wells were implanted over striate and inferotemporal cortex. The occipital
well was positioned with its center 1.O cm above the occipital ridge and 1.5
cm lateral to the midline. This position is approximately two degrees from
the center of the cortical representation of the animal’s visual field (9). The
temporal well was placed in front of the ear, under stereotaxic guidance, 1.5
cm anterior to and 1.0 cm above the interaural zero position. This position
is over anterior inferotemporal cortex, area TE (61). Wound margins were
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FIG. 1. A-schematic diagram of the experimental apparatus. The monkey is seated in front
of the stimulus panel which has two sections: the upper section is a translucent screen on which
the alerting (strobe) flash is presented: the lower section contains three translucent buttons for
presentation of sample and choice colors and for manual responses. B-event sequence in an
experimental trial. Note that the data for this study were collected in a 4-s epoch ending with
sample-off. (G, green: R, red).

tended with hydrogen peroxide and furacin ointment. Bicillin was administered systemically at regular intervals. Several weeks elapsed before experimentation commenced.
Rwording. Recordings were made predominantly with glass-coated Elgiloy
microelectrodes [modified from Suzuki and Azuma (2, 57)]. Electrode
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impedance was about 200 kQ. The electrodes were of high enough conductance
to record field-potential activity relatively free of artifact, and small enough
to allow isolation of spikes from single cells or small groups of cells.
The steel microelectrode positioner allowed penetration of the underlying
cortex around a 2.5-mm-diameter
circle. The electrode was mounted on a
specially designed carrier and advanced by turning a O-80 screw [adapted
from Harper and McGinty (31)]. It was advanced until neuronal discharge
could be audibly and visually distinguished in the amplified signal. That position was designated “zero depth” in the cortex. In the occipital cortices of
both monkeys and the inferotemporal cortex of one, where the penetrations
were later proven to have been perpendicular to the surface, units could be
recorded for about 1.9 mm.
The microelectrode was connected by a shielded Y-junction to two amplifiers (Grass P5 1 1). One amplifier had a high-pass filter setting (30 to 3000
Hz) for amplifying the fast-frequency voltage changes usually associated with
unit activity. The signal was led to an oscilloscope for display and through a
Schmitt trigger circuit to a computer (TRS-80, Model III) for analysis
(Fig. 1).
The second amplifier had a low-pass filter setting (0.1 to 100 Hz). The steel
electrode well, in contact with the overlying dura, was used as the reference.
The low-frequency signal was led to an oscilloscope for monitoring slowpotential activity. The amplified signal was led through an analog-to-digital
converter to the computer. Comparison of both channels revealed a complete
separation of unit and field potential activities.
Histology. Marking lesions were made in the brain with iron-containing
microelectrodes. The brain was extracted and fixed in Formalin. Coronal
sections were stained by the Nissl method. In both monkeys, the electrode
penetrations of the striate cortex were perpendicular to the surface (Fig. 2).
The inferotemporal penetrations of one monkey were made in the cortex of
the inferior temporal convexity; those of the other were made in the lower
bank of the superior temporal sulcus.
Data Analysis. Only spikes from individual units or groups of units that
could be clearly distinguished on the oscilloscope (50% above the background
“hash”) were sampled at various electrode depths. In some cases, the activity
of only a single cell was evident in the record. However, most records were
obtained from groups of several cells. Attempts were made to sample visually
responsive units from all locations across the breadth of cortex. Slow-potential
records were taken concomitantly with unit records. Unit and field potential
were sampled every millisecond: however, both unit counts and field potential
averages were computed in 4-ms bins. A frequency histogram of unit activity
and averages of field potential activity were obtained and displayed on line.
For each unit set, the 0.5-s preflash baseline epochs were tested for stability
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RG. 2. Anatomic drawings showing the locations of electrode penetration in the two experimental
animals (OH4 and OH5). The tracings on the right are from histologic sections, each arrow
marking the center of an electrode well.

of firing. The poststimulus epochs were examined for departures from that
baseline. Unit sets were defined as responsive if at least three bins in the
following 3.5 s departed from that baseline by at least three standard deviations.
After transformation of frequency data by a binomial smoothing function, a
process that does not introduce phase distortion (I), response latencies were
measured. Onset latency was defined as the time between stimulus onset and
the second consecutive bin of significant deviation from baseline. Peak response latency was defined as the time to the first point at which there was a
change of frequency trend following the start of response. [Low levels of interdependence of units were presumed (%).I To determine the time of maximal overall activity of the cells in a given region of cortex, the scaled unit-
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frequency data from that region were summed. The onset and peak latency
of the composite response were measured. A similar statistical procedure was
followed for field potential analysis, except that voltages were used instead of
spike counts.
RESULTS
Unit activity was recorded in the course of 54 penetrations of occipital
cortex and 23 penetrations of inferotemporal cortex. Units responsive to one
or more of the visual stimuli in the behavioral task were recorded from 170
positions, 111 of them in occipital cortex and 59 in inferotemporal cortex.
Evoked field potentials were recorded simultaneously at all locations.
Occipital Cortex. In the occipital cortex, spontaneous baseline activity (i.e.,
unit discharge between task trials) was highly variable, ranging for different
units roughly between 1 and 20 spikes per second. Mean spontaneous discharge
was approximately S/s. The EEG showed predominantly
low-voltage, fast
activity. The incidence of cells responding to the stimuli varied considerably
for different penetration tracts around the perimeter of the electrode well.
Along several tracts most units were responsive, whereas along others, as little
as 1 mm away, very few responsive units were found. In general, responsive
cells were activated by both the alerting flash and the sample stimuli, although
the relative degree of responsiveness to each varied considerably.
Responses to alertingflash. Many occipital cells showed a brisk reaction
to the flash stimulus. Among the responsive unit sets (Table I), 7 1% exhibited
reactions approximating a unimodal frequency distribution (Fig. 3); others
showed the overlap of two, three, or four separate distributions (Fig. 4). Such
clusters of unit activity will be referred to as “response pacquets.” The overall
envelope distribution of response pacquets summed vertically across a region
of cortex was unimodal (Fig. 4, bottom) and had an onset latency of about
20 ms and a peak latency of about 70 ms (Table 2). The biphasic field potential
response was concurrent with that overall unit response (Fig. 4) the temporal
span of the first coinciding with that of the second. Thus, it appeared that the
composite of unit firing was the integral of the power of the field potential.
Following responses to the flash, units and field potential returned to baseline
values and remained at those values until the onset of the color sample, although occasional units did show sustained increases of activity between flash
and sample.
Responses to color sample. The initial responses of most unit sets to the
color light were excitatory (Figs. 3 and 4). As in the case of the flash responses,
distribution into response pacquets and dominance of unimodal responses
(66%) were also observed after sample onset (Table I). However, the response
latencies, though variable, were substantially longer (by about 30 ms on the
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TABLE 1

Unit Response Categories: Classification of Unit Records According
to Response to the Stimulus
Occipital (I I I)

Inferotemporal (59)

Flash
Inhibitory
Unimodal
Bimodal
Multimodal
Unresponsive

2 (1.8%)
79 (7 I .2%)
I4 (12.6%)
3 (2.7%)
13 (11.7%)

21 (36%)
I2 (20%)
I (1.7%)
1(1.7%)
24 (40.6%)

Sampleb
Inhibitory
Unimodal
Bimodal
Multimodal
Unresponsive

5 (4.5%)
73 (65.8%)
IO (9%)
3 (2.7%)
20 (18%)

2 (3.4%)
17 (28.8%)
I5 (25.4%)
6 (10.2%)
I9 (32.2%)

a Single units accounted for I4 of these 59 records.
b Where the response to the two colors differed in amplitude, the largest was used for classification.

average: Table 2). Green-responses had longer latencies than red-responses
(average difference, about 10 ms). The responses were often sustained for the
duration of the stimulus. The majority of responsive cells showed a large
transient burst after the flash, another after sample onset, and sustained activity
for as long as the sample was present. The sample responses of unit sets from
across the cortical breadth combined into a unimodal distribution in similar
manner as after the flash.
The field potential generated by the sample had longer latency characteristics
than that generated by the flash, as well as a smaller amplitude. The greenred difference seen in unit sets could also be observed in field potential latencies.
The major power of the sample field potential response again occurred during
the initial overall unimodal burst of unit response, in a relationship similar
to that noted after the flash.
Znferotemporul Cortex. The spontaneous firing frequencies of inferotemporal units were similar to those of occipital units, both in range and average.
The baseline inferotemporal EEG records also showed low-voltage, fast activity. As seen in the course of occipital penetrations, unit responsiveness in
the inferotemporal region clustered along specific tracts.
Responsesto alertingflash. In striking contrast with occipital units, most
inferotemporal units showed either an inhibition (Fig. 5) or no apparent reaction (Fig. 6) after the alerting flash. Only about one-fourth of all inferotem-
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poral cells examined showed excitatory responses (Table l), and these tended
to be minor (Fig. 7).
Unit response iatencies after the flash were generally longer in inferotemporal than in occipital cortex. Little change of activity was observed before
40 ms. The inhibitory responses, which were more numerous and of greater
magnitude than the excitatory ones, had an average onset latency of about
100 ms. Sums of unit activity across inferotemporal cortex showed that inhibition dominated the overall reaction of the region and was sustained until
at least 500 ms after the flash (Fig. 8). In many cells, initial changes of activity
were followed by periods of variable inhibition or excitation which lasted
until the color sample appeared. In contrast, no such protracted deviations
from baseline were observed in occipital cortex.
The inferotemporal field potential evoked by the flash, although also biphasic, was generally slower than the occipital one (Figs. 4 and 8; Table 3).
Due to the predominance of unit inhibition in the presence of relatively discrete
field potentials, a clear relationship between the time courses of unit responses
and those of the field potential responses could not be estabhshed as in the
occipital cortex.
Responses to color sample. Unlike the responses to the flash, the responses
of inferotemporal unit sets to the sample commonly manifested initial excitation (Figs. 5-7) although not of as great magnitude as that of most occipital
cells. However, multimodal response pacquets were also observed in inferotemporal cortex (Table 1). The unit responses of this region were generally
more variable in terms of onset and peak latency, as well as time course, than
those of occipital cortex. Although unit sets were found in inferotemporal
cortex which responded with as short a latency to the color sample as occipital
cells (Figs. 3 and 6) the average onset latency of evoked activity in the inferotemporal cortex was longer (by approximately 8 to 28 ms; Table 2). Peak
latency was, likewise, somewhat longer in inferotemporal cortex.
As in the occipital region, the inferotemporal unit responses to the color
added to form an initially unimodal distribution (Fig. 8) but that distribution
did not show as discrete a temporal demarcation as the one from the occipital
region (Fig. 4). Nevertheless, the two temporal distributions (occipital and
temporal) of the initial unit response were largely overlapping. After that

FIG. 3. Average field-potential records and spike-frequency histograms from a supragranular
locus in the occipital cortex during 50 green-sample and 50 red-sample trials. Motor responses
(RSP) are indicated on the right above the potential records. The field-potential calibration is at
left in microvolts (rV); the polarity indicated is for the (surface) reference electrode. The histograms
are scaled in spikes per second (sp/s). Hash marks are 20 ms apart; vertical dash lines are 0.5 s
apart.
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TABLE 2
Range of Unit Response Latencies in Two Monkeys Performing a Discriminative Task’
First peak

Onset
Occipital

Inferotemporal

Occipital

Inferotemporal

Flash
OH4
OH5

16-72 (20)
24-72 (22)

(Inhibition)
(Inhibition)

36-92
36-92

Green
OH4
OH5

48-104 (48)
56-104 (52)

48-148 (76)
64-168 (72)

76-144 (102)
84-156 (120)

52-176 (96)
80-180 (108)

Red
OH4
OH5

44-80
52-76

(48)
(52)

52- I68 (60)
48-132 (60)

64- 132 (84)
80-128 (96)

72-188 (96)
56-168 (100)

(72)
(68)

(Inhibition)
(Inhibition)

a The variation in unit response latencies (in ms) for onset and first peak in occipital and
inferotemporal cortices ofthe two animals, OH4 and OH5. The numbers in parentheses represent
the values for unit response sums like those shown at the bottom of Figs. 4 and 8.

initial response, both cortices showed concurrent and sustained discharge,
though of lesser magnitude, until the termination of the colored light.
The field potential response of the inferotemporal cortex to the colored
light was nearly as large in amplitude as the response to the flash. Most latency
measures of sample-evoked potentials were slightly longer in inferotemporal
than in occipital cortex, none were shorter (Table 3). As in the occipital region,
initial unit response and field potential response seemed to occur, for the most
part, concurrently.
Relationships to Behavioral Reaction. Reaction time, measured from sample-on to button press, varied between about 0.2 and 1 s (reactions after 1 s
were excluded). Unit and field potential responses were divided into two
groups: one associated with fast (less than median) and the other with slow
(greater than median) reaction time. No differences in electrical response latencies were observed between the fast and slow groups in either occipital or

FIG. 4. Plots of activity of 16 cell groups selected from the occipital cortex of monkey OHS.
The plots are stacked in order of depth (approximate depth indicated at left, between 0 and 2000
pm). Each plot represents a digitally smoothed and separatelyscaled crest ofthe frequency histogram
from red-sample trials. The horizontal line through each record marks the mean pretrial baseline
frequency. The blackened portions of the record denote deviation from the 0.5-s preflash or the
0.5-s presample baselines by at least three standard deviations. The bottom plot represents a
summation of all the histogram crests. On top, a local field-potential record is shown.
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TABLE 3

Evoked Field Potential Latencies in Two Performing Monkeysa
Onset of first deflection

First surface-positive peak

Occipital

Inferotemporal

Occipital

Inferotemporal

Flash
OH4
OH5

20
30

62
50

40
66

84
82

Green
OH4
OH5

60
80

92
80

112
112

112
120

Red
OH4
OH5

52
72

12
72

68
88

100
112

4 Values are milliseconds.

inferotemporal cortex. However, fast motor reactions were generally associated
with larger initial responses (units and field potentials) than were slower motor
reactions (Fig. 9). When unit and potential response averages were time-locked
to the instant of the hand press, the unit activity patterns showed little discrete
clustering (pacquets) and the field potentials showed little deviation from
baseline, suggesting that the electrophysiologic activity of the cortical regions
examined was time-locked to the onset of the sample light rather than to the
resulting motor reaction.
DISCUSSION
In acute, anesthetized animals, the responses of striate cortex neurons to
temporally discrete visual stimuli have been found to be generally uniform
in terms of latency and time course (18). By contrast, the results of this study
show that the responses of striate units to one such stimulus-the
alerting
flash-in the unanesthetized monkey vary considerably, especially in latency
(3). The increased complexity and variability of unit reactions in the alert
animal may be due to greater diversity of presynaptic inputs (48), as must be
the case in the behavioral context. The similarity of latencies between field
potentials and summated unit responses suggests that a causal relationship
links these two orders of phenomena, although the relationship is obscure
(7). In any event, because of the observed variability of responses between
cells, the “statistical envelope” that the field potential represents (12, 18) appears to reflect unit activity patterns with a broad range of different temporal
characteristics.

1

?

FLASH

FIG. 9. Same (red-sample
trial) records and graphic format as in Fig. 3, here grouped
with reaction time between 300 and 500 ms (17 trials): below, reaction time between
potential responses to the sample before fast behavioral
reaction.

-25-

+25

by speed of reaction time (R.T.). Above, records from trials
500 and 1000 ms (33 trials). Note the larger unit and field-

SAMPLE
g
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The longer latencies of striate unit and field potential responses to the
sample, compared with those to the flash, is probably attributable to differences
in stimulus intensity (7); intensity-latency relationships may be determined
precortically in the visual system (56). As in anesthetized preparations, the
prolonged color stimuli in this experiment induced-in
addition to transient
ON-responses-sustained
unit responses (35). Although some cells showed
differential responses to the two colors, color-opponent reactions were not
observed, presumably because the colored stimuli, as used in our behavioral
task, were not adequate to elicit them (14).
In anesthetized preparations, neurons in inferotemporal cortex are known
to respond to a great variety of visual stimuli, including diffuse flashes (30)
and appear to have large receptive fields that include the fovea (10,29). However, inferotemporal neuron responses are greatly influenced by behavioral
factors (23,27,41,52). This accords with the evidence from lesion experiments
indicating that the inferotemporal region is specialized in processing discrete
visual information (37,44). A remarkable finding in our behavioral experiment
is that, after the alerting flash, and while occipital neurons undergo substantial
firing increases, inferotemporal neurons predominantly undergo inhibition.
Inferotemporal units are not excited probably because that signal does not
require detail analysis. One could further speculate that inferotemporal cortex
is inhibited by the flash because this cortical region is somehow actively disengaged from processing that undifferentiated signal. In spite of the prevalence
of cell inhibitions, an evoked field potential can be observed in the inferotemporal cortex, although its characteristics are somewhat different from those
of the occipital potential (26, 46). The sustained changes of inferotemporal
unit activity taking place after the flash, including continuation of the above
mentioned inhibitions, may reflect some form of priming of the inferotemporal
region for processing the upcoming sample stimulus.
The reaction of inferotemporal cells to the sample, in sharp contrast to
their reaction to the undifferentiated flash, has a major transient ON component. The average of the earliest excitatory unit responses to the sample in
inferotemporal cortex follows that in striate cortex by 8 to 28 ms. This lag is
in accord with conventional understanding of the cortical flow of visual information (33,38,43). However, the cumulative inferotemporal unit reaction
has a peak latency similar to that of striate units. The latter finding indicates
that, during the initial epoch of sample presentation, the processing of the
information contained in the colored stimulus occurs to a large extent simultaneously in the two cortical regions. A similar inference may be drawn
from the temporal coincidence of field potentials. In this regard, one cannot
ignore the possibility that some of the neural activity elicited by the stimulus
is transmitted to both regions synchronously by a collateral pathway involving
the superior colliculus ( 11, 19). That might be the case, in particular, for input
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concerning the gross initial detection of the signal (45). Beyond the initial
responses, the greater variability of sustained unit-activity patterns in inferotemporal cortex, in comparison with striate cortex, is very likely related to
the more complex nature of neuronal transactions in the associative region.
Our data show that the latencies of visual electrophysiologic responses were
not correlated with the speed of behavioral reactions, although, as others have
found (I 3, 54), larger early response amplitudes were associated with faster
reactions. That inverse relationship between amplitude of electrical response
and reaction time agrees with the presumption that these two measures covary
as a function of the level of alertness of the animal. Level of alertness is in
turn determined, at least in part, by the state of the reticular structures of the
brain stem. Indeed, as earlier experiments have demonstrated, the magnitude
of cortical responses to visual stimuli (21, 22), as well as the accuracy and
speed of behavioral reaction in visuomotor tasks (20, 24), vary as a function
of the level of excitability in the mesencephalic reticular formation. During
the initial response to the sample, it is therefore possible that the striate and
inferotemporal cortices are subject to brain stem modulation and that modulation is reflected in our data by the covariations of amplitude and reaction time.
A critical issue for understanding the function of the cerebral cortex is the
relationship between those regions long identified as primary in sensory function and the adjacent regions referred to as associative (17). Hubel and Wiesel
(33) suggested that the primary visual cortex is the first cortical step in a
sequential series of information processing stages; progressively more complex
analysis would occur at each successive stage. Object discriminations would
be completed in the inferotemporal region (43). This hierarchical concept of
visual processing is supplemented by the theory of “efferent control” (5 I),
stating that the associative regions direct to some extent the processing in
primary regions. Anatomically, axonal connections pass in both directions
between striate and inferotemporal cortex through the prestriate belt (53,59),
suggesting that information flows both ways. As noted above, our data indicate
that, under appropriate conditions, primary and associative regions of visual
cortex can be active in processing the same material at the same time. This
evidence supports the possibility of reciprocal and cooperative interactions
between them.
The simultaneous recruitment of selected, discrete regions of cortex is consistent with the notion of a distributed system of central representation ( 15)
which incorporates both the serial and efferent-control theories. That notion
is more sophisticated than simple serial or parallel linear models. The different
stages of the cortical organization for visual processing may be viewed as
representing a wide range of signal qualities, from the most elementary to the
most complex, a “structural map” containing several levels of representation
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(32) and allowing dynamic reciprocal interactions between levels. Accordingly,
each level of cortex may be considered a component of the system (42, 60),
several orders of complexity thus coexisting and interacting (50). Not only
would each cortical region process distillates of external information received
from lower centers, but that processing would be guided by inputs from higher
centers. In this way, both the striate visual area and the inferotemporal association area, and possibly all visual subregions in between, would participate
in the integration of the current scene with past experience. That integration
is presumably the essence of visual perception.
REFERENCES
I. ABELES,

M. 1982. Quantification, smoothing, and confidence limits for single-units’ histograms.

J. Neurosci.

3.
4.
5.
6.
7.
8.
9.
IO.

Methods

5: 3 I l-325.

L. COBURN, AND J. M. FUSTER. 1985. The Elgiloy microelectrode:
fabrication techniques and characteristics. J. Neurosci. Meth., in press.
BARTLETT, J. R., AND R. W. DOTY. 1974. Response of units in striate cortex of squirrel
monkeys to visual and electrical stimuli. J. Neurophysiol.
37: 62 1-64 1.
BENEVENTO, L. A., AND J. H. FALLON. 1975. The ascending projections of the superior
colliculus in the rhesus monkey (Macucu mulatta). J. Camp. Neurol. 160: 339-362.
BENEVENTO, L. A., AND M. REZAK. 1976. The cortical projections of the inferior pulvinar
and adjacent lateral pulvinar in the rhesus monkey (Mucaca mulatta): an autoradiographic
study. Brain Res. 108: l-24.
CLELAND, B. G., M. W. DUBIN, AND W. R. LEVICK. 197 I. Sustained and transient neurones
in the cat’s retina and lateral geniculate nucleus. J. Physiol. (London) 217: 473-496.
CREUTZFELDT,0. D., AND LJ. KUHNT. 1973. Electrophysiology and topographical distribution
of visual evoked potentials in animals. Pages 595-646 in R. JUNG, Ed., Handbook
of
.Sensor.vPhysiology, Vol. 7, Part 3-B. Springer-Verlag, New York.
D’AMATO, M. R. 1973. Delayed matching and short-term memory in monkeys. Pages 227269 in G. H. BOWER,Ed., The Psychology ofLearning and Motivation: Advances in Research
and Theory, Vol. 7. Academic Press, New York.
DANIEL, P. M., AND D. WHITTERIDCE. 1961. The representation of the visual field on the
cerebral cortex in monkeys. J. Physiol. (London) 159: 203-22 1.
DESIMONE, R., AND C. G. GROSS. 1979. Visual areas in the temporal cortex of the macaque.

2. ASHFORD,

Brain

J. W.,

K.

Res. 178: 363-380.

I I. DIAMOND, 1. T. 1979. The subdivisions of neocortex: a proposal to revise the traditional view
of sensory, motor, and association areas. Prog. Ps-vchobiol. Physiol. Psycho/. 8: l-43.
12. DILL, R. C., E. VALLECALLE, AND M. VERZEANO. 1968. Evoked potentials, neuronai activity
and stimulus intensity in the visual system. Physiol. Behav. 3: 797-80 I.
13. DONCHIN. E., AND D. B. LINDSLEY. 1966. Average evoked potentials and reaction times to
visual stimuli. Electroenceph.
Clin. Neurophysiol.
20: 2 17-223.
14. Dow, B. M., AND P. GOURAS. 1973. Color and spatial specificity of single units in rhesus
monkey fovea1striate cortex. J. Neurophysiol.
36: 79-100.
IS. EDELMAN, G. M., AND V. B. MOUNTCASTLE. 1978. TheMindful
Brain. MIT Press,Cambridge,
MA.
16. ENROTH-CUGELL, C.. AND J. G. ROBSON. 1966. The contrast sensitivity of retinal ganglion
cells of the cat. J. Physiol. (London) 187: 5 17-552.
17. FLECHSIG,P. 1896. Gehirn und Seele. Veit, Leipzig.

CORTICAL

PROCESSING IN VISION

465

18. Fox, S. S., AND J. H. O’BRIEN. 1965. Duplication of evoked potential waveform by curve
of probability of firing of a single cell. Science 147: 888-890.
19. FREEMAN, B., AND W. SINGER. 1983. Direct and indirect visual inputs to superficial layers
of cat superior colliculus: a current source-density analysis of electrically evoked potentials.
J. Neurophysiol.
49: IO75- 109 1.
20. FRIZZI, T. J. l979. Midbrain reticular stimulation and brightness detection. Brain Res. 19:
123-130.
2 I. FUSTER.J. M. 196 I. Excitation and inhibition of neuronal firing in visual cortex by reticular
stimulation. Science 133: 20 I I-20 12.
22. FUSTER, J. M.. AND R. F. DOC-~ER.1962. Variations of optic evoked potentials as a function
of reticular activity in rabbits with chronically implanted electrodes. J. Neurophysiol.
25:
324-336.

FUSTER. J. M.. AND J. P. JERVEY. 198 I. lnferotemporal neurons distinguish and retain behaviorally relevant features of visual stimuli. Science 212: 952-955.
24. FUSTER, J. M.. AND A. A. UYEDA. 1962. Facilitation oftachistoscopic performance by stimulation of midbrain tegmental points in the monkey. EXP. Nerrrol. 6: 384-406.
25. GELLERMAN, L. W. 1933. Chance orders of alternating stimuli in visual discrimination experiments. J. Genetic P~ychoi. 42: 206-208.
26. GERSTEIN, G. L.. C. G. GROSS.AND M. WEINSTEIN. 1968. lnferotemporal evoked potentials
during visual discrimination performance by monkeys. J. Camp. Physsiol. P.sychol. 65:
23.

526-528.
27.

28.

29.
30.
3 1.
32.
33.
34.

GROSS, C. G.. D. B. BENDER, AND G. L. GERSTEIN. 1979. Activity of inferior temporal
neurons in behaving monkeys. Neuropsychologia
17: 2 15-229.
GROSS, C. G., AND M. MISHKIN. 1977. The neural basis of stimulus equivalence across
retinal translation. Pages 109-122 in S. HARNAD, R. W. DOTY, L. GOLDSTEIN, J. JAYNES.
AND G. KRAUTHAMER, Eds.. Lateralization
in the Nervous Svssrem. Academic Press, New
York.
GROSS,C. G., C. E. ROCHA-MIRANDA, AND D. B. BENDER.1972. Visual properties of neurons
in inferotemporal cortex of the macaque. J. Neurophysiol
35: 96-I 1 I.
GROSS, C. G., P. H. SCHILLER. C. WELLS, AND G. L. GERSTEIN. 1967. Single-unit activity
in temporal association cortex of the monkey. J. Neurophysiol.
30: 833-843.
HARPER, R. M., AND D. J. MCGINTY. 1973. A technique for recording single neurons from
unrestrained animals. Pages 80-104 in M. 1. PHILLIPS, Ed., Brain Uni! .4cfivity during
Behavior.
Thomas, Springfield, IL.
HAYEK. F. A. 1952. The Sensory Order. Univ. of Chicago Press, Chicago.
HUBEL. D. H., AND T. N. WIESEL. 1965. Receptive fields and functional architecture in two
nonstriate visual areas ( 18 and 19) of the cat. J. Neurophysiol.
28: 229-289.
HUBEL. D. H.. AND T. N. WIESEL. 1977. Functional architecture of macaque monkey visual
cortex.

Proc. R. Sk.

Land.

B 198: l-59.

35. IKEDA. H., AND M. J. WRIGHT. 1975. Spatial and temporal properties of ‘sustained’ and
‘transient’ neurones in area 17 of the cat’s visual cortex. EXP. Brain Res. 22: 363-383.
36. JONES.E. G., AND T. P. S. POWELL. 1970. An anatomical study ofconverging sensory pathways
within the cerebral cortex of the monkey. Brain 93: 793-820.
37. KLOVER, H.. AND P. C. BUCY. 1937. “Psychic blindness” and other symptoms following
bilateral temporal lobectomy in rhesus monkeys. Am. J. Physiol. 119: 352-353.
38. KUYPERS. H. G. J. M., M. K. SZWARCBART, M. MISHKIN, AND H. E. ROSVOLD. 1965.
Occipitotemporal corticocortical connections in the rhesus monkey. E.up. Neural. 11: 245262.

39. LENNIE, P. 1980. Parallel visual pathways: a review. b’ision Res. 20: 561-594.
40. LUND. J. S., AND R. G. BOOTHE. 1975. lnterlaminar connections and pyramidal neuron

466

ASHFORD
organ&ion

AND FUSTER

in the visual cortex, area 17, of the macaque monkey. J. Camp. Nemo/.

159:

305-334.
4 I.

MIKAMI. A., AND K. KUBOTA. 1980. Inferotemporal neuron activities and color discrimination
with delay. Brain Res. 183: 65-78.
42. MILLER, J. G. 1978. Living Systems. McGraw-Hill,
New York.
43. MISHKIN, M. 1966. Visual mechanisms beyond the striate cortex. Pages 93-119 in R. W.
RUSSEL,Ed., Frontiers in Physiological
Psychology.
Academic Press, New York.
44. MISHKIN, M. 1982. A memory system in the monkey. Phil. Trans. R. Sot. Lond. B 298: 8595.

45.

46.
47.
48.
49.
50.
5 I.
52.
53.

MOHLER, C. W., AND R. H. WURTZ. 1977. Role of striate cortex and superior colliculus in
visual guidance of saccadic eye movements in monkeys. J. Neurophysiol.
40: 74-94.
NUWER, M. R., AND K. H. PRIBRAM. 1979. Role of the inferotemporal cortex in visual
selective attention. Electroenceph.
Clin. Neurophysiol.
46: 389-400.
PANDYA, D. N., AND H. G. J. M. KUYPERS. 1969. Corticocortical connections in the rhesus
monkey. Brain Res. 13: 13-36.
POGGIO, G. F. 1972. Spatial properties of neurons in striate cortex of unanesthetized macaque
monkey. Invest. Ophthalmol.
11: 368-377.
POLYAK, S. 1957. In H. KLOVER, Ed., The Vertebrate VisualSystem.
Univ. ofchicago Press,
Chicago.
POPPER,K. R., AND J. C. ECCLES. 1977. The Selfand Its Brain. Springer, Berlin.
PRIBRAM. K. H. 1967. The limbic system’sefferent control of neural inhibition and behavior.
Prog. Brain Res. 27: 318-336.
RIDLEY, R. M., AND G. ETTLINGER. 1973. Visual discrimination performance in the monkey:
the activity of single cells in infero-temporal cortex. Brain Res. 55: I79- 182.
ROCKLAND, K. S., AND D. N. PANDYA. 1981. Cortical connections of the occipital lobe in
the rhesus monkey: interconnections between areas 17, 18, I9 and the superior temporal
sulcus.

Brain

Res. 212: 249-270.

54. SASAKI. K., AND H. C&MBA. 198 I. Changes of premovement field potentials in the cerebral
cortex during learning processes of visually initiated hand movements in the monkey.
Neurosci.

Lett. 27: 125- 130.

55. SCHILLER, P. H., AND J. G. MALPELI. 1977 Properties and tectal projections of monkey
retinal ganglion cells. .I. Neurophysiol.
40: 428-445.
56. SINGER, W. 1979. Central-core control of visual-cortex functions. Pages 1093-l I IO in F. 0.
SCHMITT, and F. G. Worden, Eds., The Neurosciences, Fourth Study Program. MIT Press,
Cambridge, MA.
57. SUZUKI, H., AND M. AZUMA. 1976. A glass-insulated “Elgiloy” microelectrode for recording
unit activity in chronic monkey experiments. Electroenceph.
Clin. Neurophysiol.
41: 9395.
58.

59.
60.
61.
62.
63.

TOYAMA, K., M. K~MURA, AND K. TANAKA. 1981. Cross-correlation analysis of intemeuronal
connectivity in cat visual cortex. J. Neurophysiol.
46: I9 l-20 1.
VAN ESSEN,D. C., AND J. H. R. MAUNSELL. 1983. Hierarchical organization and functional
streams in the visual cortex. Trends NeuroSci. 6: 370-375.
VON BERTALANFFY, L. 1968. General Systems Theory. Brazilher, New York.
VON BONIN. G. AND P. BAILEY. 1947. The Neocortex of Macaca Mulatta. Univ. Illinois
Press, Urbana.
WURTZ, R. H.. AND C. W. MOHLER. 1976. Enhancement of visual responses in monkey
striate cortex and frontal eye fields. J. Neurophysiol.
39: 766-772.
ZEKI, S. M. 1978. Functional specialisation in the visual cortex ofthe rhesus monkey. Nature
214: 423-428.

