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SUMMARY 

Visual receptive fields and responsiveness of neurons to somesthetic and 
auditory stimuli were studied in the inferior temporal cortex and adjacent regions of 
immobilized macaques. Neurons throughout cytoarchitectonic area TE were respon- 
sive only to visual stimuli and had large receptive fields that almost always included 
the center of gaze and usually extended into both visual half-fields. There was no 
indication of any visuotopic organization within area TE. Neurons in an anterior and 
in a dorsal portion of TE tended to have larger receptive fields. By contrast, dorsal, 
ventral and anterior to area TE, units often responded to somesthetic and auditory as 
well as to visual stimuli. In these regions visual receptive fields were even larger than in 
TE and often included the entire visual field. Posterior to TE the neurons were 
exclusively visual and had much smaller receptive fields that were confined to the 
contralateral visual field and were topographically organized. 

INTRODUCTION 

On the basis of electrophysiological, anatomical, and ablation experiments it is 
clear that the cortex on the inferior convexity of the macaque temporal lobe is involved 
in complex visual functions4,%s,19, ao. In previous studies we recorded from single 
neurons in a portion of this cortex, namely the posterior middle temporal gyrus 13. 
Cytoarchitectonically this area corresponds to the dorsal posterior third of  area TE 
(see Fig. 1) ~9. We found that single neurons here had visual receptive field properties 
quite different f rom those in striate cortex and the prestriate visual areas ~3. The 
receptive fields in striate cortex and in the prestriate visual areas provide a visuotopic 
representation of the contralateral visual field. By contrast, the units in the posterior 
middle temporal gyrus had receptive fields that always included the center of gaze, 

* A preliminary account of this study was presented at the 1976 Society for Neuroscience meeting, 
Toronto, Ontario. 
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often crossed the vertical meridian well into the ipsilateral field, and were not visuo- 
topically organized. However, since this region was only a small portion of the inferior 
temporal convexity, it could have been the central portion of a much larger visuo- 
topically organized area extending anteriorly and ventrally into the temporal lobe. 
In the present study, therefore, we explored the visual receptive field properties of 
neurons throughout area TE and adjacent regions. We recorded both from isolated 
single neurons and from clusters of several neurons. 

We found that the receptive fields of neurons throughout area TE included the 
center of gaze, were typically very large, and usually extended well into the ipsilateral 
visual field. Although there was some regional variation in receptive field size and 
ipsilateral extent, there was no sign of any visuotopic organization. These properties 
plus the specific and complex trigger features of inferior temporal neurons suggest that 
they are involved in more integrated perceptual functions than the visuotopically 
organized prestriate visual areas. The cytoarchitectonic areas adjacent to area TE also 
contained units responsive to visual stimuli, but they had very different response 
properties from units in area TE. 

METHODS 

Animal preparation and maintenance 
Sixteen Macacafascicularis weighing between 2.8 and 5 kg were used. Thirteen 

were each recorded from 3-9 times over a 1-4 week period. In these animals, 3 days to 
1 month prior to the first recording session, a 3 cm diameter stainless steel cylinder I was 
affixed to the animal's skull with screws and dental acrylic. The exposed bone inside the 
cylinder was sealed with a very thin layer of acrylic and a cap was then placed on the 
cylinder. In 12 of the 23 animals the cylinder was placed on the dorsal surface of the 
skull so that electrodes could be lowered stereotaxically, in the coronal plane, into the 
inferior temporal region. In one animal the cylinder was placed laterally, directly over 
the inferior temporal region. In all animals a headbolt oriented in the stereotaxic planes 
was affixed to the midline of the skull in a similar manner. 

On the day of the recording session the animal was given a restraining dose of 
ketamine (Ketaset, 4 mg/kg) and then anesthetized with halothane in a mixture of N20 
and 02. The head was held firmly in a stereotaxic machine by means of the headbolt 
and a specially designed holder attached to the machine. The use of a headbolt and 
holder eliminated the potentially painful pressure of ear and eye bars, gave unobstruc- 
ted access to the entire visual field, and allowed the animal to be placed repeatedly in 
the stereotaxic machine without significant error. After the cap was removed from the 
cylinder a hole was drilled through the acyrlic layer and bone and the dura left intact. 
Halothane anesthesia was then discontinued, and the animal was maintained on a 7:3 
N20-O~ mixture. The animal was immobilized with pancuronium bromide (Pavulon) 
in saline at a rate of 0.08 mg/kg/h. Body temperature was maintained at 37-38 °C with 
a heating pad, and the respiratory rate was adjusted to give an end-tidal CO2 of about 
4 ~.  The pupils were dilated with cyclopentolate (Cyclogyl, 1 ~ )  and the corneas were 
covered with contact lenses selected to focus the eyes on the 57 cm distant rear- 
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projection screen. The head was positioned so that the projection of the foveas fell 
near the center of the screen. 

After about 9 h of paralysis the rate of paralyzing agent was decreased and 
usually after 10 h it was stopped. The cylinder was washed out and filled with saline 
and the animal allowed to recover. Usually within 2 h the animal was alert and active 
in its home cage. At least two days separated successive recording sessions. 

The remaining 3 animals were recorded from in single 36-48 h sessions. In these 
preparations on the day of recording the cylinder was implanted over the temporal 
region, the bone and dura within the cylinder were removed, and the cortex covered 
with Agar. In these preparations penetrations were made normal to the cortical 
surface rather than stereotaxically. 

Recording techniques 
Fourteen of the animals were studied with multi-unit electrodes. These varnish- 

coated tungsten microelectrodes had exposed tips of 20-35 #M and typically recorded 
a small number of dictinct action potentials and an unresolved background. We refer 
to this activity as 'multi-unit activity' (see Figs. 2 and 6). Normally, in 2 mm of travel 
through cortex, 2-4 multi-unit clusters were studied. The animal was stimulated 
visually and the electrode advanced continuously until a responsive site was found; 
however, multi-units were never studied closer than 200 ffM apart. In some animals 
penetrations were widely spaced throughout the inferior temporal region. In other 
animals penetrations were closely spaced, sometimes every millimeter, to detect any 
small-scale organization and particularly to study borders between different cortical 
areas. 

Two animals were studied with single unit recordings. The electrodes had 
exposed tips of 10 #M or less and only isolated single units were studied. Normally, in 
2 mm of travel through cortex, 5-10 neurons were studied. In one animal, penetrations 
were confined to the central part of inferior temporal cortex, and in the other animal 
penetrations were made into both temporal and prestriate cortex. 

Visual and non-visual stimuli 
Visual stimuli were presented on a 60 x 60 ° rear-projection screen with a 

background luminance of 2 cd/sq, m. In some cases stimuli were white or colored bars 
produced by a hand-held projector and 1.5 log units above background luminance. In 
other cases 3-dimensional objects, such as small brushes, were front illuminated and 
presented in front of the tangent screen. The luminance of these objects ranged from 
0.5-1.5 log units above background. 

Auditory stimuli consisted of shouts, hissing or clapping sounds, key jangling 
and similar complex sounds. Somesthetic stimulation consisted of gentle stroking of 
the animal's skin and manipulation of its limbs. 

Histological methods 
At the end of the experiments each animal was perfused with saline and then 

buffered formalin. The brain was then photographed, cast in dental impression 
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compound, and allowed to sink in sucrose-formalin. Sections were cut at 33.3 #M and 
stained with cresyl violet. The locations of all recording sites were determined on the 
bases of lesions (4 /zA, 20 sec) made on each penetration. For each animal the 
penetrations were plotted on a lateral reconstruction of its brain, and the locations 
of all recording sites were plotted on an unfolded map of the inferior temporal region. 
This map was constructed by measuring the length of layer 4 on each coronal section 
and then representing it by a set of straight lines. Connecting adjacent points across 
the lines produced a plane surface which represented an 'unfolded' layer 4 (see Fig. I ). 
The locations of the recording sites in each animal were plotted on this map on the 
basis of their distance from sulcal landmarks and cytoarchitectonic borders. In 
comparing animals and in constructing the summary maps based on several animals, 
there was some uncertainty due to the variability in the sulcal pattern and the 
boundaries between cytoarchitectonic areas. 

RESULTS 

On 217 penetrations in 14 animals, 1113 multi-units were studied, and on 32 
penetrations in 2 animals, 353 isolated single units were studied: These penetrations 
were made throughout a region extending approximately from the temporal pole to 
the prelunate gyrus and from the dorsal bank of the superior temporal sulcus to the 
middle of the parahippocampal gyrus (see Fig. 1A and B). On the basis of these 
recordings we divided this region into 3 areas: inferior temporal cortex (IT), anterior 
prestriate cortex, and polysensory cortex (see Fig. 1C and D). 

Inferior temporal cortex 
The area which we term IT extends from about 6 mm in front of the ascending 

limb of the inferior occipital sulcus to almost the tip of the temporal pole. Posteriorly, 
IT includes the floor of the superior temporal sulcus and extends ventrally into the 
medial bank of the occipitotemporal sulcus. Anteriorly, the dorsal border of IT moves 
ventrally across the floor and into the lower bank of the superior temporal sulcus, and 
the ventral border of IT moves close to the lateral lip of the rhinal sulcus (see Fig. 1C 
and D). 

Within IT, 579 multi-units on 140 penetrations in 14 animals were studied. These 
multi-units responded exclusively to visual stimuli; none ever showed an increase or 
decrease in firing rate time-locked to an auditory or somesthetic stimulus. The only 
effect of non-visual stimulation was to occasionally change the pattern of spontaneous 
activity. 

In general, we found it much more difficult and time consuming to plot the 
receptive fields of both inferior temporal multi-units and single units as compared to 
units in other visual structures including striate cortex, prestriate cortex, the inferior 
and lateral pulvinar, and the upper layers of the superior colliculus. This seemed to be 
due to several factors including: (a) variable and bursty spontaneous activity; (b) 
habituation with repeated stimulation unless long interstimulus intervals (often 
beyond 30 sec) were used; (c) the difficulty in finding a relatively adequate stimulus; 



Fig. 1. Location of recording sites and of physiological and cytoarchitectonic areas. A: diagram of 
ventrolateral view of hemisphere showing recording area (stippled). Occipital and temporal sulci have 
been opened and their banks shown with dashed lines. B: unfolded map of layer 4 of area shown in A, 
indicating approximate location of single and multi-units studied. Some posterior locations have been 
omitted. C: diagram of ventrolateral view showing physiologically defined IT and adjacent areas. The 
dotted lines separate the anterior and dorsal subregions from the rest of IT. Only the borders of the 
polysensory areas with IT were determined, not the outer borders which extended beyond the record- 
ing areas. The hatched area indicates a region in prestriate cortex in which receptive fields include the 
center of gaze. D: unfolded map showing physiologically defined areas. The dotted lines show the 
anterior and dorsal subdivisions of IT. E: diagram of ventrolateral view showing cytoarchitectonic 
areas. Prestriate cortex includes areas OA and OB of von Bonin and Bailey 29. IOS, inferior occipital 
sulcus; IT, inferior temporal cortex; LS, lunate sulcus; OTS, occipitotemporal sulcus; RS, rhinal 
sulcus; SF, Sylvian fissure; STS, superior temporal sulcus; TMA, anterior middle temporal sulcus; 
TMP, posterior middle temporal sulcus. 
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Fig. 2. Receptive fields and responses o f  an IT multi-unit (left) and an IT single unit (right). Dashed 
lines indicate that  the receptive field exceeded the 60 ° x 60 ° tangent  screen. In  the traces the horizontal  
line indicates when the stimulus was moved by hand  across the tangent  screen at approximately 
10°/sec, and  the arrows indicate the direction of  movement ,  The stimulus for the multi-unit  was a 2 ° x 
60 ° white slit and  for the single unit  a 1 ° x 30 ° green slit. The cont inued response of  the multi-unit 
after the stimulus left the receptive field was a common  property  of  IT multi- and single units. 

and (d) the relatively weak responses that were often obtained even after extensive 
search for an 'optimal' stimulus. Our previous reports on inferior temporal unit 
properties may not have sufficiently stressed these characteristics of inferior temporal 
units la. 

Receptive fields include thefovea, 98 ~ (569) of the multi-units responded to a 
visual stimulus moving across or presented at the center of gaze. Indeed, stimulation at 
the center of gaze usually elicted a more vigorous response than elsewhere. (In the re- 
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maining 10 cases found  in 6 different penetrat ions in 3 animals, the receptive fields 
spared the center o f  gaze by 1-30 ° . Six o f  these multi-unit  clusters were located in the 

lower ventral  bank  or  floor o f  the superior temporal  sulcus. However,  other  multi-units 

recorded in the same region had  receptive fields tha t  included the center o f  gaze.) An  

example o f  a multi-unit  response and receptive field is shown in Fig. 2. 

The locat ion o f  receptive field centers did not  vary systematically within IT. That  

is, there was no suggestion of  any visuotopic organizat ion th roughou t  IT cortex, as 

illustrated in Fig. 3. 

Receptive fields were usually large. Receptive fields were determined for 72 

(417) o f  the multi-units. Since the far peripheral borders o f  the largest receptive fields 

were usually difficult to determine, receptive fields larger than  the 60 ° tangent  screen 

were taken to end at the screen borders.  Receptive field size, i.e. ~/length × width, 

varied f rom 1 ° to over 60 ° with a median o f  26 °. In  the remaining 28 ~ (162) o f  the 
multi-units, receptive field borders could not  be reliably plotted. 

Al though the full range o f  receptive field size was found th roughou t  IT  cortex, 

I 

LJ 

Fig. 3. IT multi-unit receptive fields and of polysensory responses (Xs) on a series of penetrations. 
Receptive fields are represented by best-fitting rectangles, fields extending beyond the 60 ° × 60 ° 
tangent screen are represented by dashed lines, and the meridians are represented by vertical and 
horizontal lines. The inset shows the location of the section on a side view of the brain, and the portion 
of the section enlarged in the main figure. Receptive fields smaller than 8 ° were all located at the center 
of gaze and are shown as dots. 



370 

the distribution of  receptive field size was not random. There was a greater incidence 
of very large receptive fields in two regions. The first region was the most anterior part 
of IT (see Fig. 1C and D). Within this area 67 ~ of the 56 receptive fields were larger 
than 60 ° × 60 °. The second region with larger receptive fields was the dorsal part of 
IT, specifically, the floor of the superior temporal sulcus and the adjacent 2 mm of the 
bottom of the ventral bank of the sulcus (Fig. 1C and D). Within this area the median 
receptive field size of the 88 multi-units studied was 30 ° . Statistically, the anterior 
region had larger receptive fields than the dorsal one (P < 0.001), and both had larger 
fields (P < 0.001) than the remainder of IT. (A Mann-Whitney U-test was used for 
these and all other statistical comparisons unless otherwise specified.) 

Both the anterior and dorsal regions with larger receptive fields were cytoarchi- 
tectonically distinguishable from the remainder of IT. In the anterior region the cortex 
loses the columnar appearance of the rest of IT, layer 4 becomes thinner, the 
infragranular layers become thicker, and there is a loss of distinction between layers 5 
and 6. In the dorsal region cells in the infragranular layers become more prominent 
and appear arranged in narrow 'bundles'. However, this change occurs at a sharp bend 
in the cortex, and we did not study sections cut at sufficiently different angles to be sure 
that this distinction was truly a cytoarchitectonic one. 

In the remaining part of IT there was a tendency for receptive fields on a 
particular penetration and on adjacent penetrations to be similar in size (see Fig. 3). 

Receptive fields were ususally bilateral. Although most (80 ~,,i, 334) IT receptive 
field centers were located within the contralateral visual field, the large majority of 
receptive fields crossed the vertical meridian into the ipsilateral visual field. The 
extension of IT receptive fields across the vertical meridian was usually much greater 
than the visual field overlap in the lateral geniculate, striate or prestriate cortex ls,25~ ~v. 
Of the multi-unit fields, 69 ~ (288) extended into the ipsilateral visual field by 3 ° or 
more. The median extent of the ipsilateral border of these fields was 14 °. 

As with receptive field size, there was local clustering of receptive field laterality. 
That is, the fields on a single penetration and on adjacent penetrations often extended 
a similar distance into the ipsilateral visual field. Furthermore, as would be expected 
from the larger fields in the anterior and dorsal regions described above, the fields in 
these regions were much more often bilateral. 100 ~ of the anterior fields and 8 l °/o of 
the dorsal fields extended 3 ° or more into the ipsilateral half-field, a significant 
difference from the proportion in the rest of IT (60~;  P < 0.001, both cases; Z2). 

Single neuron responses 
In order to ensure that the results described above were not simply a consequence 

of multi-unit recording, 279 isolated single units on 24 penetrations in two animals 
were studied. 89 ~ (249) of these units responded to visual stimuli; none reponded to 
either auditory or somesthetie stimuli. Of  these visually responsive units, receptive fields 
were plotted for 88 ~ (219). All but 5 units had receptive fields that included center of 
gaze, and usually the greatest response was to stimuli presented at the center of gaze. 
(All 5 receptive fields sparing the center of gaze were on one penetration in the bottom 
of the lower bank of  the superior temporal sulcus.) Receptive field size was again large, 
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Fig. 4. Single unit receptive fields on two series of  penetrations through IT. Section A is 3 m m  post-  
erior to section B. The legend for Fig. 3 applies  except that in some  cases the borders o f  the receptive 
fi:lds extending beyond the tangent screen were determined. N o t e  that nearby units tend to have 
similar receptive fields. 
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Fig. 5. Multi-unit receptive fields in anterior prestriate cortex. Numbers on the coronal section 
indicate the location of receptive fields (numbered) recorded on the penetrations. The thin horizontal 
and vertical lines represent the meridians. (See also legend for Fig. 3.) Note that in contrast to IT, 
receptive fields no longer invariably include the center of gaze and appear to systematically represent 
the visual field. 

with a median of  31 °. The largest receptive field measured was 80 ° × 130 °. 69 ~ of the 
receptive fields extended into the ipsilateral field by 3 ° or more. As with the multi- 
units, there was no evidence of any visuotopic organization. An example of  a single 
unit response and receptive field is shown in Fig. 2. 

The clustering of  units with similar receptive field size and similar laterality was 
more dramatic than it had been with multi-units because more receptive fields were 
plotted on each penetration. Examples of  clustering of  receptive field properties of  
nearby single units are shown in Fig. 4. Although some of  the single units in the 
anterior and dorsal regions of  IT  had particularly large fields, there was not an 
adequate sample to compare single unit properties in these regions with the rest of  IT. 

In this study we made no systematic attempt to determine the opt imum trigger 
features or to determine if there were any regional variations in the types of  trigger 
features. However, our impression was that trigger features were as complex and 
heterogeneous throughout IT cortex as in the portion of IT  studied previously lz. 

In summary, sampling of single units and multiunits revealed large receptive 
fields which almost always included the center of  gaze and usually were bilateral 
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throughout IT, with no indication of any visuotopic organization. Units with similar 
receptive fields did tend to cluster. Finally, at least with multi-units, receptive fields 
tended to be particularly large in the most anterior part of IT and somewhat larger 
along its dorsal border. 

Anterior prestriate cortex 
The area of circumstriate or prestriate cortex that we studied extended from the 

posterior border of IT to the prelunate gyrus. Dorsally, it extended to the floor of STS 
and ventrally to the lingual gyrus (Fig. 1). Although this region probably contains 
more than one representation of the visual field, for present purposes we term it 
'anterior prestriate cortex'. Within this region 263 multiunits on 55 penetrations in 8 
animals and 74 isolated single units on 8 penetrations in 1 animal were studied. Almost 
all (96 %, 71) single units were visually responsive. No single unit or cluster ever clearly 
responded to a non-visual stimulus. As in IT, non-visual stimulation sometimes 
changed the pattern of spontaneous activity. 

Upon leaving IT and entering the prestriate region, receptive fields changed 
markedly. Receptive fields in this region no longer invariably included the center of 
gaze. When they did so, they were much smaller than in IT and rarely extended more 
than 2-3 ° into the ipsilateral visual field. 

Posterior-ventral to IT, between the occipitotemporal and calcarine sulci, there 
was a large representation of the contralateral peripheral visual field. In a given series 
of penetrations made in the coronal plane, receptive fields consistently moved away 
from the center of gaze as penetrations were made more medially, as shown in Fig. 5. 

Posterior-dorsal to IT, at the anterior end of the prelunate gyrus and in the 
adjacent bank of STS, receptive fields were confined to the central (15 °) contralateral 
visual field. In a series of penetrations made in the coronal plane through this region, 
receptive field positions shifted systematically within the central visual field, as 
illustrated in Fig. 5. More medially, in the floor of the superior temporal sulcus 
adjacent to the most dorsal and posterior border of IT, the multi-unit receptive fields 
were often confined to the contralateral periphery. 

The most anterior part of the lateral prestriate cortex, between the inferior 
occipital sulcus and IT (see Fig. 1C and D), contained a large representation of the 
center of gaze. Parts of this region may be the reveal representations of the visual areas 
located more dorsally on the prelunate gyrus and ventrally on the lingual gyrus. In this 
region the median receptive field size for both single and multiunits was only 3 ° 
compared to 26 ° in IT (P < 0.001). Similarly, only 11% of both single and multiunits 
crossed 3 ° or more into the ipsilateral visual field compared to 69 % for IT (P < 0.001, 
Z2). The median extent of the ipsilateral border of these fields was 4 °, compared to 14 ° 
in IT. 

Based on averaging the data across animals, we estimate the average border 
between anterior prestriate cortex and IT to be 6 mm in front of the ascending limb 
of the inferior occipital sulcus, roughly in the vicinity of the posterior middle temporal 
sulcus (for approximately 4 kg Macaca fascicularis). Based on the data from 6 in- 
dividual animals in which units or multi-units were recorded from both IT and prestriate 
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Fig. 6. Polysensory responses. Left: responses of a multi-unit cluster in the dorsal bank of the superior 
temporal sulcus to a di~t'use light (upper) and to a brief tap on the monkey's contralateral paw (lower). 
Right: responses of a single unit in the parahippocampal gyrus to the same visual (upper) and somes- 
thetic (lower) stimuli. The horizontal line indicates the duration of the stimuli. 

cortex, we estimate the inter-animal variation of this border to be :~ 3 mm. 
In summary, posterior to IT, receptive fields are smaller, more likely to be 

contralateral, and no longer invariably include the center of gaze. In at least part of 
this region, the cortex appears to be topographically organized. 

Polysensory areas 

In striking contrast to inferior temporal cortex, the cortex dorsal, anterior and 
ventral to IT contains neurons that are responsive to auditory and somesthetic stimuli 
as well as visual (see Figs. 1, 3 and 6). We term these regions the dorsal and ventral 
temporal 'polysensory areas'. 

Dorsal polysensory area. We recorded 199 multi-units on 94 penetrations in 9 
animals dorsal to IT in the floor and upper bank of the superior temporal sulcus and 
16 multi-units on 4 penetrations anterior to IT in the tip of  the temporal pole. 47 ~ of 
the multi-units responded only to visual stimuli, 31 ~o responded to both visual and 
somesthetic stimuli, 8 ~ responded to both visual and auditory stimuli, 9 ~ were 
trimodal, 4.5 ~ exclusively somatosensory and 0.5 ~ exclusively auditory. An example 
of a polysensory multi-unit response is shown in Fig. 6. 

The multi-units were relatively easy to drive with large moving visual stimuli or 
with various somesthetic or auditory stimuli. Visual receptive fields were typically very 
large, usually much larger than even IT receptive fields, and often approaching the size 
of the animal's visual field. In the most posterior part, dorsal to prestriate cortex, the 
receptive fields sometimes spared the center of gaze. 

In a separate experiment, we studied isolated single units in this area2, 3, About 
half of  these units were exclusively visual, and the remainder responded to visual and 
somesthetic stimuli, visual and auditory stimuli or to all 3 modalities. Thus, the 
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polysensory responsiveness of this area was not an artifact of the multi-unit recording 
technique. 

Ventral polysensory area. Ventral to IT, in the parahippocampal region, we 
recorded from 56 multi-units on 20 penetrations in 4 animals. Here 46 ~o of the multi- 
units were exclusively visual, 35 ~ visual and somesthetic, 2 ~o visual and auditory, 16 
exclusively somesthetic, and 2 ~o exclusively auditory; no trimodal multi-units were 
found. The two isolated single units studied both responded to visual and somesthetic 
stimuli (see Fig. 6). 

The multi-units in this region were usually much more difficult to drive than in 
either the dorsal polysensory or IT areas. When receptive fields could be plotted in this 
region, they were typically large and bilateral; most multi-unit clusters habituated to 
all stimuli very rapidly and had diffuse receptive fields. 

In summary, the temporal cortex surrounding IT dorsally, anteriorly and 
ventrally was predominantly visual but, in contrast to both IT and prestriate cortex, 
was clearly responsive to non-visual stimuli as well. 

DISCUSSION 

In an earlier study we found that single neurons in the posterior middle temporal 
gyrus were responsive exclusively to visual stimuli but did not seem to be visuotop- 
ically organized 13. Rather, they had receptive fields that always included the center of 
gaze and usually were large and bilateral. In the present study we found that these 
properties characterize multi-unit and single unit responses in a much larger region of 
the temporal lobe extending almost to the temporal pole and from the floor of the 
superior temporal sulcus to the occipitotemporal sulcus. We term this entire area with 
similar receptive field properties inferior temporal cortex or IT, since this term is 
already in use for approximately the same area defined on gross morphological 
grounds. The surrounding cortex had rather different properties. In the following 
sections, after a comment on multi-unit recording, we briefly discuss the cortical areas 
surrounding IT and then consider the implications of our results for the organization 
and function of inferior temporal cortex. 

Multi-units vs single units 

Virtually all the mapping of visuotopicaUy organized visual cortical areas, at 
least in primates, has been carried out with multi-unit rather than single unit 
recording. However, multi-unit recording has the inherent risk of obscuring the under- 
lying organization by averaging units with different or opposite response properties. 
Thus, it was gratifying that, in the present study, where both multi-unit and single unit 
data were obained, they were closely concordant. For example, the defining charact- 
eristics of each of the cortical areas derived from multi-unit data were confirmed by 
single unit sampling. Even the quantitative results from the two methods such as IT 
receptive field size and the proportion of different response types in the dorsal poly- 
sensory area were similar. 
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Anterior prestriate cortex 
In moving posterior from IT, one moves into cortex with rather different 

properties. For convenience, we have called this area 'anterior prestriate cortex', but a 
more accurate term might be 'visual areas posterior to inferior temporal cortex'. Here 
receptive fields are much smaller than in IT (except when confined to the far periphery) 
and are restricted, normally within 2-3 °, to the contralateral visual field. Although 
there is a large representation of  the central visual field immediately posterior to IT, 
this representation appears to be the central portion of topographically organized 
areas extending posterior-dorsally and posterior-ventrally from the IT border. These 
areas are presumably part of the more antelior of the prestriate areas described by 
Zeki, particularly his superior temporal color area 34 and his V4 complex27,31, ~7. A 
more detailed report on the visuotopic organization of this region is forthcoming. 

Combining the present results with those of  Zeki 35 it is interesting to note that 
there is practically a continuous representation of the center of gaze from the foveal 
representation in striate cortex across the ventrolateral occipital and temporal cortices 
to almost the temporal pole, as suggested some time ago by Myers 21 on anatomical 
grounds. 

P olysensory areas 
In moving dorsally, anteriorly, and ventrally from IT, neuronal response proper- 

ties markedly change from those in IT. Now less than half the multi-units and single 
units respond exclusively to visual stimuli, unlike in IT where vision is the only 
adequate modality, Most of the remaining units are responsive to both visual and 
auditory stimuli, both visual and somesthetic stimuli, or all 3 types of stimuli. This 
polysensory responsiveness was found with single as well as multi-unit recording, at 
least for the dorsal potysensory area. 

The polysensory cortex anterior and dorsal to IT falls within cytoarchitectonic 
area T3 described by Jones and BurtonlL The ventral polysensory cortex is included 
within areas 35 and TF-TH, as described by Van Hoesen and Pandya z8 (see Fig. 1E). 

The polysensory responses we recorded dorsal, anterior, and ventral to IT are 
consistent with the afferents to these areas. All 3 areas receive afferents from auditory 
cortex in the superior temporal gyrus, from visuosomesthetic cortex in the inferior 
parietal lobule, and from inferior temporal cortex itself 3,16,17,23,24. The input from 
these regions is somewhat more segregated in the ventral area. Indeed, most of the in- 
put from auditory cortex to the ventral temporal lobe terminates more medially than 
our recording sites 2z. This may have been why we found so few auditory responses in 
the ventral polysensory area. A detailed account of the single unit properties in the 
dorsal polysensory area is in preparationL 

Organization o f  I T  cortex 
The central findings of this study were that throughout inferior temporal cortex 

receptive fields include the center of  gaze and are usually large and bilateral and that 
there is an absence of any visuotopic organization. 

The invariable inclusion of  the center of gaze in IT receptive fields and the 
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greater sensitivity of IT units to foveal stimulation presumably reflects the fact that 
most of IT cortex receives a heavy projection from the parts of prestriate cortex in 
which the central visual field is represented and very little from those parts devoted to 
the periphery 5,6,24. It was interesting that the only regions of IT that receive little or no 
direct prestriate input, namely the far rostral (near the temporal pole) and the most 
dorsal (in the floor and bottom of the ventral bank of the superior temporal sulcus) 
portions 24, are the two IT regions that have unusually large receptive fields. These 
areas do receive heavy inputs from the rest of IT 18,17, suggesting that their receptive 
fields are the result of the convergence of inputs from other IT units. The responsive- 
ness of IT units to stimuli in the ipsilateral visual half-field depends on the heavy and 
widespread projections that inferior temporal cortex receives from the opposite hemis- 
phere by way of both the splenium and the anterior commissure 1°,21,a2. 

IT cortex, as defined physiologically, corresponds almost exactly to cytoarchi- 
tectonic area TE described by Von Bonin and Bailey 29. Their borders for TE have been 
recently supported by several studies15, 24,~s, and were visible in our own material. As 
we crossed each of the boundaries of IT, units either were no longer exclusively visual 
or no longer had the large, bilateral receptive fields characteristic of IT units. 

IT cortex is a vast cortical slab, and presumably, must be made up of a number 
of different functional regions. However, we saw only two signs of any internal organ- 
ization. The first was the larger receptive fields in the most anterior portion of IT near 
the temporal pole and in the most dorsal portion of IT in the floor of the superior 
temporal sulcus. Both of these subdivisions were cytoarchitectonically distinguishable 
from the rest of IT. Furthermore, they corresponded to subdivisions of IT made by 
Seltzer and Pandya 24 in a cytoarchitectonic study of temporal cortex that appeared 
after our studies were complete. 

The second was the tendency for neurons on the same and adjacent penetrations 
to have receptive fields of similar size. This tendency could reflect a type of organiza- 
tion different from that usually found in visual areas. In other visual areas the contra- 
lateral visual field is represented by a progression of receptive field centers from the 
central to peripheral visual field. Perhaps in parts of IT the visual field is represented 
by a progression of receptive field sizes from small foveal receptive fields to large fields 
which include much of the periphery of both visual fields. A more fine-grained analysis 
including many closely spaced penetrations would be required to reveal any such 
organization. On the other hand, it may be that the functional architecture of IT 
cortex will be revealed only by study of neuronal properties other than receptive field 
size and location. 

Some time ago, we reported an increase in IT receptive field size after inferior 
pulvinar lesions 11. This was based on a higher than usual proportion of large receptive 
fields in a limited sample of neurons in 3 monkeys with pulvinar lesions. Subsequent 
sampling of a much larger number of IT neurons in 4 monkeys with pulvinar lesions 
failed to confirm the original observations. The current findings of clusters of large 
receptive fields suggests that our original observations may have been due to sampling 
an unrepresentative number of such clusters. Although additional data are requiredto 
reject the possibility that pulvinar lesions increase IT receptive field size, if such an 
effect exists it is likely to be small. 
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Functions o f  inferior temporal cortex 
For several reasons the inferior temporal cortex may contain the 'highest' or 

'ultimate' visual pattern processing mechanisms. First, its removal produces more 
complex visual deficits than the removal of  any other visual area; whereas sensory 
thresholds are unchanged, both visual perceptual and visual memory deficits have 
been found after removal of  inferior temporal cortex4,7,8,19, 80. Second, it is apparently 
more synapses away from the retina than any other area in which the units are solely 
responsive to visual stimuli 16. Third, inferior temporal cortex receives converging in- 
puts from topographically organized areas in prestriate cortexS,6,17, 24. Fourth, inferior 
temporal neurons often have particularly specific and complex trigger features ~a. 
Fifth, their visual responses are modulated by the animal's state of attention and by 
the significance of the stimulus for the animalL Sixth, unlike other visual neurons, 
inferior temporal neurons have large receptive fields, often bilateral, within which the 
optimal stimulus is optimal throughout the field; that is, they show stimulus 
equivalence over large retinal areaslL (While neurons elsewhere also have very large 
receptive fields, such as in the dorsal polysensory area 2,3 and the frontal eye fields ~°, 
such neurons are usually not sensitive to stimulus form.) 

Thus, the properties of IT cortex are qualitatively different from those of the 
prestriate visual areas. The various prestriate areas not only have relatively small, 
topographically organized receptive fields, but appear to be specialized for the analysis 
of specific visual dimensions such as color or disparity 1,14,38,37. By contrast, neurons 
throughout inferior temporal cortex are usually sensitive to several dimensions of a 
complex stimulus and usually respond throughout the central visual field. Apparently, 
in IT information about local sign is sacrificed for stimulus equivalence over a wide 
retinal area. That is, the results of (sensory) analysis of particular dimensions of a stim- 
ulus in a particular retinal site carried out in prestriate cortex seem to be put together 
in IT to provide a more integrated (perceptual) representation independent of retinal 
localization. 

ACKNOWLEDGEMENTS 

We wish to thank Charles Bruce, Ricardo Gattass, Victoria Ingalls, Lynne Sea- 
cord, David Bender and Christine Curcio for their help. 

The National Science Foundation (BNS-75-23634) and the National Institutes 
of  Health (MH-19420) provided financial support. 

REFERENCES 

1 Allman, J., Evolution of the visual system in the early primates. In J. M. Sprague and A. N. 
Epstein (Eds.), Progress in Psychobiology and Physiological Psychology, Iiol. 7, Academic Press, 
New York, 1977, pp. 77-123. 

2 Bruce, C. J., Desimone, R. and Gross, C. G., Large receptive fields in a polysensory area in the 
superior temporal sulcus of the macaque, Neurosci. Abstr., 3 (1977). 

3 Bruce, C. J., Desimone, R. and Gross, C. G., Visual properties of a polysensory area in the 
superior temporal sulcus of the macaque, in preparation. 



379 

4 Dean, P., Effects of inferotemporal lesions on the behavior of monkeys, Psychol. Bull., 83 (1976) 
41-71. 

5 Desimone, R., Fleming, J. and Gross, C. G., Cortical afferents to inferior temporal cortex in the 
macaque, Ass. Res. Vis. Ophthal., Abstr., (1978) 292. 

6 Desimone, R., Fleming, J. and Gross, C. G., Prestriate afferents to inferior temporal cortex: an 
HRP study, Brain Research, in press. 

7 Gross, C. G., Visual functions of inferotemporal cortex. In R. Jung (Ed.), Handbook of Sensory 
Physiology, Vol. Vll/3B, Springer-Verlag, Berlin and New York 1973, pp. 451--482. 

8 Gross, C. G., Inferotemporal cortex and vision. In E. Stellar and J. M. Sprague (Eds.), Progress in 
Physiological Psychology, Vol. 5, Academic Press, New York, 1973, pp. 7%123. 

9 Gross, C. G., Bender, D. B. and Gerstein, G. L., Activity of inferior temporal neurons in behav- 
ing monkeys, Neuropsychologia, in press. 

10 Gross, C. G., Bender, D. B. and Mishkin, M., Contributions of the corpus callosum and the 
anterior commissure to visual activation of inferior temporal neurons, Brain Research, 131 (1977) 
227-239. 

11 Gross, C. G., Bender, D. B. and Rocha-Miranda, C. E., Inferotemporal Cortex: a single unit 
analysis. In F. O. Schmitt and F. G. Worden (Eds.), The Neurosciences: A Third Study Program, 
M.I.T. Press, Cambridge 1973, pp. 229-238. 

12 Gross, C. G. and Mishkin, M., The neural basis of stimulus equivalence across retinal translation. 
In S. Harnad (Ed.), Lateralization in the Nervous System, Academic Press, New York, 1977, pp. 
109-122. 

13 Gross, C. G., Rocha-Miranda, C. E. and Bender, D. B., Visual prol~erties of neurons in infero- 
temporal cortex of the macaque, J. Neurophysiol., 35 (1972) 96--111. 

14 Hubel, D. H. and Wiesel, T. N., Stereoscopic vision in macaque monkey, Nature (Lond.), 225 
(1970) 41-42. 

15 Jones, E. G. and Burton, H., Areal differences in the laminar distribution of thalamic afferents in 
cortical fields of the insular, parietal and temporal regions of primates, J. comp. Neurol., 168 (1976) 
197-247. 

16 Jones, E. G. and Powell, T. P. S., An anatomical study of converging sensory pathways within the 
cerebral cortex of the monkey, Brain, 93 (1970) 793-820. 

17 Kuypers, H. G., Szwarcbart, M. K., Mishkin, M. and Rosvold, H. E., Occipito-temporal cortico- 
cortical connections in the rhesus monkey, Exp. Neurol., 11 (1965) 245-262. 

18 Malpeli, J. G. and Baker, F. H., The representation of the visual field in the lateral geniculate 
nucleus of Macaca mulatta, J. comp. NeuroL, 161 (1976) 569-594. 

19 Mishkin, M., Visual mechanisms beyond the striate cortex. In R. Russell (Ed.), Frontiers of  
Physiological Psychology, Academic Press, New York, 1966, pp. 77-123. 

20 Mohler, C. W., Goldberg, M. E. and Wurtz, R. H., Visual receptive fields of frontal eye field 
neurons, Brain Research, 61 (1973) 385-389. 

21 Myers, R. N., Organization of visual pathways. In E. G. Ettlinger, A. V. S de Reuck and R. 
Porter (Eds.), C.1.B.A. Foundation Study Group 20; Functions of  the Corpus Callosum, J. and A. 
Churchill, London, 1965, pp. 133-143. 

22 Palmer, L. A., Rosenquist, A. C. and Tusa, R. J., The retinotopic organization of lateral supra- 
sylvian visual areas in the cat J. eomp. Neurol., 177 (1978) 237-256. 

23 Seltzer, B. and Pandya, D. N., Some cortical projections to the parahippocaml:al area in the 
rhesus monkey, Exp. Neurol., 50 (1976) 146-160. 

24 Seltzer, B. and Pandya, D. N., Afferent cortical connections and architectonics of the surerior 
temporal sulcus and surrounding cortex in the rhesus monkey, Brain Research, 149 (1978) 1-24. 

25 Stone, J., Leicester, J. and Sherman, S. M., The nasotemporal division of the monkey's retina, 
d. comp. Neurol., 150 (1973) 333-348. 

26 Talbot, S. A. and Marshall, W. H., Physiological studies on neural mechanisms of visual localiza- 
tion and discrimination, Amer. J. Ophthal., 24 (1941) 1255-1264. 

27 Van Essen, D. C. and Zeki, S. M., The topographic organization of rhesus monkey prestriate 
cortex, d. Physiol. (Lond.), 277 (1978) 193-226. 

28 Van Hoesen, G. W. and Pandya, D. N., Some connections of the entorhinal (area 28) and l:eri- 
pheral (area 35) cortices of the rhesus monkey. I. Temporal lobe afferents, Brain Research, 95 
(1975) 1-24. 

29 Von Bonin, G. and Bailey, P., The Neocortex ofMacaea Mulatta, University of Illinois Press, 
Urbana, I11., 1947. 



380 

30 Wilson, M., Extrastriate cortex and visual function. In R. B. Masterson (Ed.), Handbook oJ 
Behavioral Neurobiology, Val. 1, Plenum, New York, 1977. 

31 Zeki, S. M., Colour coding in rhesus monkey prestriate cortex, Brain Research, 53 (1973) 422-427. 
32 Zeki, S. M., Comparison of the cortical degeneration in the visual regions of the temporal lobe 

of the monkey following section of the anterior commissure and the splenium, J. eomp. Neurol., 
148 (1973) 167-176. 

33 Zeki, S. M., Functional organization of a visual area in the posterior bank of the superior temp- 
oral sulcus of the rhesus monkey, J. Physiol. (Lond.), 236 (1974) 549-573. 

34 Zeki, S. M., Colour coding in the superior temporal sulcus of rhesus monkey visual cortex, 
Proc. toy. Soe. B, 197 (1977) 195-223. 

35 Zeki, S. M., The cortical projections of foveal striate cortex in the rhesus monkey, J. Physiol. 
(Lond.), 277 (1978) 227-244. 

36 Zeki, S. M., Functional specialization in the visual cortex of the rhesus monkey, Nature (Lond.), 
274 (1978) 423-428. 

37 Zeki, S. M., Uniformity and diversity of structure and function in rhesus monkey prestriate visual 
cortex, J. PhysioL (Lond.), 277 (1978) 273-290. 


