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Abstract—Monkeys were tested for head and eye orientation to illuminated lamps in a hemisphere
before and after serial, unilateral lesions of the polysensory superior temporal cortex (STS) or control
lesions. Following STS lesions they were impaired in orienting to contralateral lamps; this
impairment was more severe and persistent when a ipsilateral stimulus in the mirror-image position
was simultaneously presented. These findings, together with deficits in manual reaching and grasping
observed following STS lesions, support the view that the STS is part of a polysensory system
controlling attention and exploratory movements.

INTRODUCTION

CONTRALATERAL neglect has been reported in monkeys after unilateral ablation of the
posterior parietal cortex [7, 17, 19, 26], frontal eye fields [ 16, 30, 35, 36, 55, 64], cingulate
cortex [63] and a region within area 6 [50]. As pointed out by one of us in a recent review
[13], these cortical areas all receive projections from several thalamic nuclei, including parts
of the dorsomedial nucleus (pars multiformis) and the paralamellar portion and the medial
pulvinar [4, 6, 10, 29, 31, 40, 58, 59], which are targets of the deeper layers of the superior
colliculus [25]. In addition, these cortical areas are directly interconnected [4, 15, 22, 23, 28,
32, 33, 40, 42, 43, 45, 46, 49, 58] and project back to the same collicular layers that provide
input to their thalamic projection nuciei [21, 33, 34, 37, 47]. Moreover, unilateral lesions of
the superior colliculus that include these deeper layers also lead to contralateral neglect in
monkeys [1, 17, 55]. With regard to their physiological features, unit recordings in these
cortical areas disclose significant numbers of polysensory neurons [9, 27, 38, 39, 51-54].

If these functional and morphological characteristics are critical features of cortical areas
controlling spatially directed attention, then one would expect that another area of cortex
with these same characteristics—the dorsal bank and depths of the superior temporal sulcus
(STS)—also participates in spatially directed attention. The STS receives projections from
the medial pulvinar [ 127; it is directly interconnected with the above-described cortical areas
involved in spatial attention [ 2, 4, 6, 22, 28, 33, 43, 44, 46, 56, 57] and, like them, projects to
the deeper tectal layers [21]. Furthermore, a large proportion of STS neurons are
polysensory [8, 11, 18].

In order to test the prediction that the STS, like other cortical areas with similar
anatomical and physiological features, controls spatially directed attention, we investigated
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orientation to single and bilaterally presented visual stimuli in monkeys before and after
unilateral STS lesions. We also observed the effects of these lesions on manual reaching and
on responses to auditory, tactile and visual stimuli outside the testing apparatus.

METHODS

Three male cynomolgus monkeys (Macaca fascicularis) were trained to orient to illuminated lamps on the inner
surface of a hemisphere, 76 cm in diameter. Eight of the lamps (G.E. 1819) were arrayed horizontally, 15°, 30°, 45°
and 60° to the left and right of center; the remaining lamps were arrayed vertically, 15°, 30" and 45" above and below
the center. A hole, 1.5 cm in diameter, was located below each lamp. A 3-cm diameter hole in the center of the
hemisphere was used to videotape or observe the monkeys. During training and test sessions, each approximately
30 min in duration, the monkeys sat in a primate chair.

In the initial preoperative training sessions, the monkeys learned to fixate the center hole in the hemisphere when
the experimenter, standing behind the hemisphere, tapped the edge of the central hole. If the monkey continued to
fixate the central hole for 1-3 sec, then on 28 trials a single lamp was illuminated. If the monkey orientated its head
and eyes toward the lamp within approximately 1 sec after it was illuminated, a small piece of fruit was presented to
it through the hole below the lamp, which was then extinguished. If the monkey oriented elsewhere before fixating
the illuminated lamp or failed to orient during the first second of the lamp’s illumination, the lamp was extinguished
and no reward was given. Each lamp was singly illuminated twice in each session. On an additional 16 trials, two
lamps in the horizontal array, equidistant from the center, were illuminated. If the animal oriented to either lamp, it
was presented with food through the hole under one of the two lamps, the location of which was randomized. The
monkeys were rewarded equally often on each side in bilateral-stimulus trials in order to discourage them from
orienting consistently to one side. In all other respects, the procedures were the same as those used on single stimulus
trials. All the stimuli were presented in a pseudorandom order. After the monkeys learned to fixate the center of the
hemisphere and orient to illuminated lamps, they were tested in this situation 3-S5 times/week for 4-8 weeks. M1 and
M2 were videotaped on several sessions both before and after surgery; analysis of the tapes revealed that the
experimenter’s judgement of their orienting responses was accurate.

Following the completion of preoperative testing, two monkeys (M1 and M2) received a unilateral STS lesion (M1
on the right side, M2 on the left side); the third (C1) received a unilateral lesion of the prefrontal cortex anterior to the
frontal eye fields. Within 2-5 days after the first operation, they were retested in the hemisphere for 7-10 weeks. One
to two days following the completion of testing, the three monkeys received a second operation in which the STS in
the hemisphere opposite the first lesion was ablated. They were then retested in the hemisphere for 10 weeks,
beginning 2-7 days following surgery. Postoperative testing followed the same procedures used preoperatively.
Following each operation, the monkeys were observed reaching for and grasping food and reacting to visual,
auditory and tactile stimuli.

The general surgical procedures employed are decribed elsewhere {14]. The cortical removals were made with a
small-gauge sucker under an operating microscope through openings rongeured in the skull. The STS lesions were
intended to remove the cortex in the dorsal bank and fundus as well as in the anterior half of the ventral bank of the
sulcus (area TEa), which, like the dorsal bank and fundus, receives an input from the inferior parietal cortex [56].

Following the completion of testing, the monkeys were sacrificed and their brains were prepared for histological
examination by methods previously described [14]. Examination of thionine-stained cross-sections disclosed that
removals of the targeted sulcal region varied from near-total (M1 right, M2 right, C1 left) to extensive in the other
two hemispheres (M1 left and M2 left), in which anterior portions of this area were largely spared (see Fig. 1). The
lesions also included other cortical areas, probably as a result of post-surgical infarcts which often occur following
brain surgery in this species [41]. Slight damage to the superior temporal gyrus, inferior parietal cortex and inferior
temporal cortex was found in all cases. Area MT, a visual area in the ventral bank of the STS, whose position was
estimated by anatomical landmarks [60, 62], was missing in two hemispheres (C1, left side; M2, left side), severely
damaged in two others (M 1, left; M2 right) and slightly damaged in one (M1, right). Cl’s control lesion involved the
cortex on the dorsolateral surface of the frontal lobe, including the anterior two-thirds of the sulcus principalis, and
spared the frontal eye fields posteriorly (see Fig. 1). Damage to the underlying white matter was minimal in all cases.
Examination of the lateral geniculate nuclei disclosed that they were intact with no signs of cell loss in M2 ond C1
(see Fig. 2); the lateral geniculate on the right side in M1 showed slight cell loss in the medial sector, but the left
lateral geniculate was intact.

RESULTS

Following the first unilateral STS lesion, M1 was hyporesponsive for several days and M2
for several weeks to contralateral tactile stimuli and visual stimuli. M1 also showed
contralateral auditory neglect briefly following surgery. Whereas none of the monkeys
showed hand preferences before surgery, for several weeks following surgery both M1 and
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F1G. 1. Reconstructions of the STS and frontal lesions. Cortical removals indicated by stippling.

Below each lateral view of the hemisphere with STS lesions is a reconstruction of the STS opened to

display areas removed in the upper and lower banks and fundus. The small black area in the left
hemisphere of C1 indicates a superficial cortical lesion.

M2 strongly favored the ipsilateral hand in reaching for objects. They also reached
inaccurately for food and grasped it awkwardly with the contralateral hand for several days
(M1) or several weeks (M2) following surgery. Both monkeys, however, used their limbs
normally in walking and climbing. C1 showed no disturbance in its reactions following
frontal surgery.

In formal testing following the first operation, M1 and M2’s orienting reactions to the
horizontally arrayed lamps changed markedly. During the first 2 weeks of postoperative
testing, both monkeys frequently failed to respond to singly illuminated lamps contralateral
to their lesions; after 5 weeks of testing they returned to preoperative levels of responding to
contralateral lamps (see Fig. 3A). These deficits, as well as all others reported below, did not
vary with the eccentricity of the stimuli. In contrast, M1 and M2’s responses to lamps
ipsilateral to their lesions were unchanged following surgery, except for a transient
impairment in M1 during the first 4 sessions. As shown in Fig. 3B, M1 and M2 showed more
striking and longer lasting changes in orienting responses on bilateral than on single-
stimulus trials; they showed a strong bias to respond to the ipsilateral member of paired
lights throughout postoperative testing. M1 and M2 also showed slight impairments in
responding to lamps in the vertical array in the first 4-5 weeks following the first operation
(see Fig. 3C). CI showed no changes in its test performance or in reactions to stimuli outside
the testing situation following frontal surgery. Following unilateral STS removal in its
second operation, C1 showed impairments similar to those of M1 and M2 after their first STS
lesions (see Fig. 3), including transient visual and auditory neglect outside the testing
situation.
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Following their second STS lesions, M1 and M2 showed more severe and longer lasting
contralateral neglect in all three modes than they did after the first STS lesion. Similarly, their
preference for the ipsilateral hand and clumsiness in grasping food with the hand
contralateral to the second lesion was more obvious than were their comparable
impairments after the first operation. Moreover, for several weeks after the second STS
removal, M1 and M2 both made more errors in reaching for food with the ipsilateral hand
than they had made soon before the second operation, although these errors were not as
pronounced as those performed with the contralateral hand.

Following their second STS lesion, M1 and M2 were impaired for several weeks in
orienting to single contralateral lamps (see Fig. 3A). Whereas M 1’s performance with single
contralateral lamps steadily improved over the 10-week course of testing following its second
operation, M2’s performance appeared to first improve and then deteriorate after the first 4
weeks of testing. To determine whether these changes in M2’s performance were statistically
reliable, the binomial probability test was used to compare its performance with single
contralateral lamps in each of the 10 weeks following the second operation with its
performance with the same lamps prior to the first operation. Since 10 statistical tests were
made, the confidence level of each one was set at 0.005. The results of these tests disclosed that
compared to its preoperative performance, M1’s performance was significantly impaired in
the first three weeks of testing (P =0.0000 for all three comparisons) and in the last six weeks
of testing (week 5: P=0.0012; week 6: P=0.0016; weeks 7-10: P=0.0000 in each case), but its
performance was not significantly impaired in week 4 (P =0.6564). Thus, it appears that the
deterioration in M1’s performance after the fourth week of testing was indeed a real one.
Furthermore, M 1’s errors in tests conducted after the fourth week, like its errors in the first 3
weeks following the second operation, were predominantly due to maintenance of fixation of
the central hole in the hemisphere. M1 showed no signs of sickness or lethargy during the
period in which its performance deteriorated; we are unable to account for its occurrence.

Both monkeys were also impaired in orienting to lamps ipsilateral to the second lesion
during the first few weeks of testing, although to a lesser extent than they were in orienting to
contralateral lamps. As shown in Fig. 3B, on bilateral stimulus trials following the second
operation, M1 and M2 were strongly biased toward the lamps ipsilateral to the second
lesion; this bias, like the one seen following the first operation, declined somewhat over the
course of testing.

In contrast to their good performance in orienting to lamps in the vertical array following
the first operation, M1 and M2’s deficits in orienting to these lamps following the second
operation were as severe and long lasting as were their deficits in orienting to the horizontally
arrayed lamps during the same tests (see Fig. 3C).

DISCUSSION

It is unlikely that damage to the inferior parietal cortex or to the inferior temporal cortex
{(area TE) on the surface of the temporal lobe could account for the deficits reported here, for
damage to these areas was minor in all cases. The extent to which the TE cortex in the ventral
bank of the STS was removed was not related to the degree of impaired orientation to singly
illuminated lamps, the measure showing the greatest variation between animals (17-40%
loss, relative to preoperative performance levels). Lesions of the superior temporal gyrus,
which were more variable than those of the aforementioned cortical areas, were also
unrelated to severity of the deficits. Furthermore, lesions restricted to the rostral portion of



FiG. 2. Photomicrograph of a thionine-stained section through the lateral geniculate nuclei of M2.
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operation. (B) Percent trials on which subjects failed to orient initially to lamps in horizontal array

contralateral to lesion on bilateral stimulus trials. (C) Percent trials on which subjects failed to orient
initially to lamps in vertical array.

this gyrus do not lead to neglect [61]. With regard to area MT, lestons involving its total
removal (CI left and M2 left) resulted in impairments ranking fifth and third, respectively;
following the lesion with the most sparing of MT (M1, right side), the resuiting impairment
ranked second out of five. These findings suggest that MT damage by itself cannot entirely
account for the visual deficits we found, although it might have contributed to them, as well
as to deficits in manually grasping food [5]. This interpretation is consistent with the finding
that selective unilateral lesions of the caudal third of the STS ventral bank (the region in
which MT is located) do not lead to contralateral neglect in monkeys [61].

On the basis of the above analyses, then, it appears that the critical lesion involved all or
some part of the STS rather than adjacent structures. The extent to which the anterior third
of the STS was ablated may have been a crucial factor in the severity of the neglect. M2
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showed the most severe deficit following its right STS lesion that included the most extensive
removal of this portion of the STS; conversely, M1 showed the least deficit following its left
STS lesion sparing this region. On the other hand, lesions restricted to this portion of the STS
and the adjoining superior temporal gyrus fail to produce neglect [61].

The movement deficits we observed, as well as auditory and tactile neglect, were more
severe and persistent after the second STS lesions than after the first. Furthermore, only after
the second STS lesion did M1 and M2 show (a) deficits in responding to ipsilateral as well as
to contralateral stimuli, an observation consistent with the report that one-stage, bilateral
STS lesions result in a transient, multimodal neglect of stimuli [48], (b) reaching disorders
with the ipsilateral as well as contralateral hand, and (c) impaired orientation to lamps on the
vertical meridian. These findings suggest that following the removal of STS cortex in one
hemisphere, the remaining STS cortex in the contralateral hemisphere took over some of its
functions.

The monkey’s strong bias to respond to the ipsilateral lamp on bilateral stimulus trials,
even after their deficits in orienting on single-stimulus trials had decreased or disappeared,
suggests that their orienting deficits were due to attentional impairments rather than sensory
disturbances. Furthermore, impairments in manual reaching and grasping similar to those
reported here also have been observed in monkeys with neglect following unilateral removal
of other cortical areas [20, 24, 30, 50]. The present findings, then, strengthen the view that
attentional and exploratory motor mechanisms are closely linked [ 13, 50].
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