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In the primate brain, the primary visual cortex (V1) is a major source of visual information processing in the cerebral cortex,
although some patients and monkeys with damage to the V1 show visually guided behaviors in the visual field affected by the
damage. Until now, behaviors of the surviving brain regions after damage to V1 and their contribution to the residual visual
functions remain unclear. Here, we report that the monkeys with a unilateral lesion of V1 can make not only visually guided
saccades but also memory-guided saccades (MGS) into the affected visual field. Furthermore, while the monkeys were performing
the MGS task, sustained activity was observed in a large fraction of the neurons in the superior colliculus ipsilateral to the lesion,
which has been supposed as a key node for recovery after damage to V1. These neurons maintained the spatial information
throughout the delay period regardless of whether they exhibited saccadic bursts or not, which was not the case on the intact side.
Error analysis revealed that the sustained activity was correlated with monkeys’ behavioral outcome. These results suggest that the
ipsilesional SC might function as a neural substrate for spatial memory in the affected visual field. Our findings provide new insight

into the understanding of the compensatory mechanisms after damage to V1.

Introduction

In the primate brain, the primary visual cortex (V1) is a major
source of visual information processing in the cerebral cortex,
and it is well known that damage to V1 leads to loss of visual
awareness in the visual field affected by the damage. However,
after a recovery period, some patients and the monkeys with
damage to the V1 show visually guided behaviors in the affected
visual field, such as localization of a target by hand or eye move-
ments in a forced choice condition (Péppel et al., 1973; Sanders et
al., 1974; Weiskrantz et al., 1974; Cowey and Stoerig, 1995;
Moore et al., 1995), which is a phenomenon called “blindsight”
(Weiskrantz, 1986).

How the residual abilities are achieved without V1 remains
unclear. Residual visual functions are observed after the recovery
period for several weeks (Mohler and Wurtz, 1977; Segraves et al.,
1987; Cowey and Stoerig, 1995; Yoshida et al., 2008; Ikeda et al.,
2011), suggesting a role for plastic changes in the brain after
damage to V1. Thus, the surviving brain regions may change their
contribution to the process of visuomotor transformation. Actu-
ally, studies using diffusion tensor imaging suggest a possibility of
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a large-scale reorganization across the cerebral and subcortical
structures in response to the damage to V1 (Leh et al., 2006;
Bridge et al., 2008). One of the subcortical structures reported to
have atypical connectivity in patients with blindsight is the supe-
rior colliculus (SC) (Leh et al., 2006), and the involvement of the
SC in residual visual functions is also supported by a previous
study examining the effect of a combined lesion of V1 and the SC
(Mohler and Wurtz, 1977). Although the SC is known to work as
a center of the visuomotor transformation in conjunction with the
cerebral regions in the intact brain (Wurtz et al., 2001; Boehnke and
Munoz, 2008), the changes in the functional role of the SC through
the recovery process after damage to V1 remain unclear.

In the present study, we report that monkeys with a unilateral
lesion of V1 can make not only visually guided saccades (VGS)
but also memory-guided saccades (MGS) into the affected visual
field, and alarge fraction of the neurons in the SCipsilateral to the
lesion (ipsi SC) exhibit sustained activity throughout the reten-
tion interval of the MGS task. We recorded neuronal activity
from the ipsi SC while the monkeys were performing the VGS or
MGS tasks in the affected visual field and compared this activity
with that in the SC contralateral to the lesion (contra SC) as a
control. The results suggest a possibility that the ipsi SC serves not
only as a center of visuomotor transformation but also as a neural
substrate of spatial memory in the affected visual field.

Materials and Methods

Experimental procedures. All the experimental procedures were per-
formed in accordance with the Guidelines for Proper Conduct of Animal
Experiments of the Science Council of Japan and approved by the Com-
mittee for Animal Experiment at the National Institutes of Natural Sci-
ences. Two Japanese monkeys (Macaca fuscata; monkey T, female, body
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V1is denoted in red (monkey A). The estimated lesion site (depicted in dark gray) is overlaid on the line trace of the axial slices of the MR images acquired after the lesion in monkey A (middle) and
inmonkey T (bottom). B, Schema of the experimental conditions. In both monkeys, the left V1 was removed. Thus, the right hemifield was affected and the left visual field was normal.

weight of 6.5 kg; monkey A, male, body weight of 9.0 kg) were implanted
with head holders and scleral search coils to measure eye movements.
After training on the saccade tasks, including the VGS and MGS tasks
(described below, The VGS task and the MGS task), the left V1 was
removed by suction and a recording chamber was implanted. The data in
this study were acquired after the monkeys’ performance in the VGS task
reached a steady state after the V1 lesion.

V1 lesion. The procedures used to examine the extent of the lesion,
details of the postoperative training, and recovery processes were de-
scribed in our previous study using the same subjects as the current study
(Yoshida et al., 2008). Briefly, we examined the extent of the lesion ana-
tomically and functionally. To examine the extent of the lesion anatom-
ically, magnetic resonance imaging (MRI) was performed preoperatively
and postoperatively. We confirmed that almost all of the intended re-
gions (the posterior half of the operculum, dorsal and ventral leaves and
roof of the calcarine sulcus, and the most posterior part of the stem of the
calcarine sulcus) were removed (Fig. 1A). Based on published reports
(Daniel and Whitteridge, 1961; Van Essen et al., 1984), we concluded that
at least the region corresponding to the visual field from 5° to 25° in
eccentricity was removed. Because we intended to remove V1 as com-
pletely as possible, the lesion may include parts of the extrastriate areas
such as V2 or V3. To examine the extent of the lesion functionally, we
measured the sensitivity to luminance contrast in each visual field sepa-
rately. In the VGS task (step condition), the luminance contrast of the
target was systematically varied from 0.05 to 0.9. The target was pre-
sented at a position 5° to 25° in eccentricity and from —60° to 60° from
the horizontal line in a direction separated by 30°. At each position, the
success rates were calculated and the psychometric function was drawn.
In this process, trials were judged as correct if the direction of the saccade
was within *£15° from the direction of the targets. The threshold for the
luminance contrast at each position was evaluated from each psychomet-
ric function. The thresholds in the affected visual field were consistently
higher than those in the normal visual field. Thus, we confirmed that the
visual field corresponding to the lesion anatomically estimated by the
postoperative MRI was functionally affected. In our previous study, we
also examined the possibility that the monkeys used light scattering of the
visual stimuli presented in the affected visual field (Campion et al., 1983;
Gross et al., 2004). We examined whether they could respond to a 1.52°
visual stimuli (the maximal size of visual stimuli used in the current
study) presented in the blind spot in one eye, and we found that they

could not make saccades to the target presented in the blind spot.
Thus, it is unlikely that the monkeys used light scattering when they
made saccades toward the visual stimuli presented in the affected
visual field.

The VGS task and the MGS task. While the monkeys were fixating on
the fixation point (FP) (800-1200 ms in monkey T, 500-900 ms in mon-
key A), another visual stimulus was presented in the peripheral visual
field. In the VGS task, the stimulus (“target”) remained on the display.
After a short delay (fixed at 500 ms), the FP disappeared (see Fig. 2 A,
left). The monkeys were required to make a saccade toward the target. In
the MGS task, the stimulus (“cue”) transiently flashed (100 ms) and
disappeared. The offset of the cue was followed by a temporal interval
(“delay period”) of 800—2400 ms (randomized). After that, the FP dis-
appeared (see Fig. 2 B, left). The monkeys were required to make a sac-
cade toward the position of the cue, based on their memory. The
following parameters were common to the VGS and MGS tasks. The
trials were judged as correct if the saccade landed within the invisible
window of a circle with a 5° to 15° radius. The radius of the window was
adjusted based on the eccentricity of the targets and the cues. In the
majority of the sessions, the size of the stimuli was set at a diameter of
0.91° or 1.52° in monkey T and monkey A, respectively. In some sessions,
the size of the stimuli was set at 0.42° to collect a sufficient number of
error trials. Background luminance was set at 1 cd/m?, and the lumi-
nance contrast of the visual stimuli was 0.9.

Recording procedures. Epoxylite-coated tungsten microelectrodes (im-
pedance: 1-3 M(Q) at 1 kHz) were used. After isolation of a single neuron,
we first investigated its receptive field (RF) to decide the two positions for
presentation of the targets or the cues within the visual field contralateral
to the recording site. One was at the putative center of the RF (RF,,), and
the other was separated by 90° from the first position (RF_,,) (see Fig.
3 A, B, top). In one neuron in the ipsi SC, the RF of which was centered on
the horizontal line, RF;, and RF_ were separated by 75°. The RF was
explored with the VGS task or with presentation of visual stimuli, while
the monkeys were fixating on the FP. Subsequently, activity during the
VGS and MGS tasks was recorded in different blocks. In each neuron,
activity was recorded at least five trials for both the VGS and MGS tasks,
respectively.

Data analysis: classification of the neurons. In the offline analysis, trials
were judged as correct if the direction of saccade was within 45° from the
direction of the targets or the cues. We characterized the neurons based
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those in the baseline epoch of 100 ms centered
on the FP offset. The mean firing rate during
the 50 ms interval was taken as the magnitude
of the saccadic burst. The magnitude of the
prestimulus activity was defined as the mean
firing rates in the 100 ms epoch just before the
stimulus onset.

Data analysis: evaluation of spatial informa-
tion during the delay period. To evaluate spatial
information during the delay period, the time
course of the area under the curve (AUC) of the
receiver operating characteristics curve (ROC)
was calculated in each neuron by sliding the
100 ms time window by 10 ms. In each time
window, the mean firing rates in the RF;,, trials
were compared with those in the RF_,, trials;
the ROC was then drawn and the AUC was
calculated. The AUC value indicates the prob-
ability that an ideal observer can discriminate
between the RF; and RF_, trials based on neu-
ronal activity. An AUC of 1 indicates that the
observer can perfectly discriminate between
the two conditions and that the mean firing
rates in the RF, trials are higher than those
in the RF_, trials. An AUC of 0.5 indicates
that the observer performed at the chance
level and that the mean firing rates are the
same in the RF,, and RF_, trials.

Data analysis: error analysis. In the error
analysis, neurons with at least three error trials
in the RF, | trials or at least three error trials in
the RF,_, trials were extracted. The mean firing
rates during the 300 ms interval just before the
FP offset were calculated for each condition.
We confirmed that the monkeys’ performance
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Figure 2.

above show the distribution of the saccadic reaction times in the normal visual field.

on the firing properties during the VGS task. First, we produced the mean
spike density function aligned to the target onset or saccade onset with a
Gaussian kernel (0 = 4 ms) in each neuron. To examine whether the
neuron exhibited a significant response to the visual stimuli presented
inside the RF, a peak in the averaged spike density function was detected
in the 100 ms epoch from 50 to 150 ms after the target onset, and the
mean firing rates were calculated within the 50 ms epoch centered on the
time of the peak (from 25 ms before to 25 ms after the peak). The firing
rates were compared to those in the baseline epoch starting from 300 ms
before and ending at the time of the target onset. If the statistical com-
parison was significant (one-tailed paired ¢ test, « = 0.05), the neuron
was considered to have visual responses. The mean firing rate during the
50 ms interval was taken as the magnitude of the visual response. The
latency of the visual response was defined as the time point at which the
poststimulus activity (activity over 40 ms after the stimulus onset) ex-
ceeded 2 SDs of the baseline activity (in the 100 ms epoch starting from 60
ms before the stimulus onset). Neurons without visual responses were
excluded from subsequent analyses. The neurons with visual responses
were classified into two groups: visuomotor neurons and visual neurons.
The neurons with both visual responses and saccadic bursts were classi-
fied as visuomotor neurons, and neurons with only visual responses were
classified as visual neurons. The presence or absence of saccadic bursts
was determined based on activity aligned to the saccade onset. The mean
firing rates were calculated within the 50 ms epoch centered on the time
of the peak in the spike density function, which was detected in the 100
ms epoch centered on the saccade onset. The rates were compared to

400 (ms) in the recording block of each neuron was

above chance level (binomial test, « = 0.05).

Behavioral results for the VGS and MGS tasks. 4, B, Left, Task schema; middle, trajectories; right; the success rates for
each visual field in the two monkeys. In the middle panel, the differences in color indicate differences in the position of the target
or the cue. ST, Saccade target. C, Distributions of the saccadic reaction times in monkey T (left) and monkey A (right). The dashed
lines represent the results in the VGS task, while the solid lines represent the results in the MGS task. The insets to the right and

Results

Monkeys with a unilateral V1 lesion
The unilateral V1 was removed by suc-
tion in two Japanese monkeys (monkey
T, female, and monkey A, male) (Fig.
1 A) that had been trained on the VGS task (Fig. 2 A, left) and
the MGS task (Fig. 2B, left). The recovery process and the
procedures to examine the extent of the lesion were described
in our previous study (Yoshida et al., 2008). Briefly, the extent of
the lesion was confirmed anatomically by the postoperative MRIs
and behaviorally by the sensitivity-to-luminance contrast (see
Materials and Methods). Based on these results, we concluded
that almost all of the left V1 had been removed. Thus, the right
visual hemifield was referred to as the affected visual field (Fig.
1 B, bottom).

Performance on the VGS and the MGS tasks after lesion of
the V1

Behavioral testing and the recording of the neuronal activity from
the SC began 3.5 to 4 years after lesion of the V1, and the data
from the VGS and MGS task presented here were acquired in the
same experimental sessions (107 sessions in monkey T, 49 ses-
sions in monkey A). In Figure 2, A-C, the behavioral results in the
VGS and MGS tasks are summarized. In the VGS task, the mon-
keys showed success rates of 94.6% (n = 3438/3635) in monkey T
and 94.6% (n = 1736/1836) in monkey A (Fig. 2 A, right), and
these results were significantly above chance level (binomial test,
p < 0.0001 in both monkeys). The averaged saccadic reaction
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times were 185.3 and 194.9 ms, respec-
tively, in each monkey (Fig. 2C). In the
MGS task, the success rates were 92.2%
(n = 7375/8002) in monkey T and 93.8%
(n = 2386/2544) in monkey A (Fig. 2B,
right), and these results were also signifi-
cantly above chance level (binomial test,
p < 0.0001 in both monkeys). The aver-
aged saccadic reaction times were 210.0
and 212.8 ms (Fig. 2C), which were signif-
icantly longer than those in the VGS task
(Mann-Whitney U test, p < 10~ " in
both monkeys) as observed in the normal
visual field or reported in previous studies
with naive monkeys (Funahashi et al.,
1989). These results confirmed that there
was residual visual function after the V1
lesion.

Ipsi SC
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In total, the activity of 72 neurons in the
ipsi SC (47 neurons in monkey T and 25
neurons in monkey A) was recorded while
the monkeys were performing the tasks in
the affected visual field (Fig. 3A, top). Asa
control, the activity of 70 neurons in the
SC contralateral to the lesion of the same
monkeys (42 neurons in monkey T and 28
neurons in monkey A) was recorded while
the monkeys were performing the tasks in
the normal visual field (Fig. 3B, top). The neurons with visual
responses (58 neurons in the ipsi SC and 66 neurons in the contra
SC) were investigated in the following analysis. The depths of the
recording sites from the surface of the SC ranged from 310 to
2389 wmin the ipsi SC and from 150 to 3050 wm in the contra SC.
Distributions of the depth of recording sites and maps of record-
inglocation are shown in Figure 3, A and B (bottom). The surface
of the SC was identified by the change of the background noise as
the electrodes were penetrating from the recording chamber
that was tilted 40° posterior to the vertical axis. The mean
depths of the recording sites were not significantly different
between the ipsi and contra SCs (two-tailed ¢ test, p > 0.4),
and no significant difference in their distribution was ob-
served (Kolmogrov—Smirnov test, p > 0.5). In both the ipsi
and the contra SCs, neuronal activities were recorded primar-
ily from the deeper layer of the SC. A few neurons (two in the
ipsi SC and two in the contra SC) may have been recorded in the
superficial layer of the SC and were recorded within 500 wm from
the putative surface of the SC (310 and 385 wm in the ipsi SC, 150
and 230 wm in the contra SC). Because their activity did not
appear to differ from that of the other neurons located in the
deeper layer, they were merged in the following analysis.
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Neuronal activities in the SC during the VGS task

Neurons with visual responses were classified into visuomotor
neurons and visual neurons, based on the presence or absence of
saccadic bursts (See Materials and Methods). The activity of 46
visuomotor neurons and 12 visual neurons was recorded from
the ipsi SC, and the activity of 50 visuomotor neurons and 16
visual neurons was recorded from the contra SC. Neuronal activ-
ity during the VGS task is shown in Figure 4 (Fig. 4A, represen-
tative neurons; Fig. 4B,C, population). The targets were
presented at either of two positions: inside the RF or outside the
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Recording from the ipsi and contra SCs. A, B, Recording configuration (top row), a distribution of the depth of recording sites
(lowerleft), and amap of the recording location (lowerright) on each side. The neuronal activity of the ipsi SC (A, top row) and the contra SC
(B, top row) was recorded while the monkeys were performing the tasks in the affected visual filed (4, top) orin the normal visual field (B,
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the open histograms indicate the visuomotor neurons and the shaded histograms indicate the visual neurons.
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RF (Fig. 3). Here we called the trials with the target presented
inside the RF as “RF,,, trials” and those with the target presented
outside the RF as “RF_, trials” (see Material and Methods). To
evaluate the spatial information carried by these neurons, we
compared the instantaneous firing rates between the RF;, and
RF,,, trials in each neuron and calculated the area under the
curve (AUC) of the receiver operating characteristics curve (See
Materials and Methods). The time course of the AUC was com-
puted for each neuron and averaged respectively in the ipsi and
contra SCs (Fig. 4 B, C, bottom rows) (see Materials and Meth-
ods). After the peak, the AUC declined more slowly in the ipsi SC
than in the contra SC, but it fell to almost the same level as in the
contra SC until the FP offset. During the 100 ms epoch just before
the FP offset, the AUCs did not differ significantly between the
ipsi and contra SCs (Mann—Whitney U test, p > 0.6).

The gross magnitudes of the neuronal activities during the
VGS task were similar between the ipsi SC and the contra SC with
respect to population activity (Fig. 54, left, and 5B). The magni-
tudes of the visual responses were not significantly different be-
tween the ipsi SC and contra SC for either visual or visuomotor
neurons (Mann—Whitney U'test, p > 0.05) (Fig. 54, left column).
In the ipsi SC, the average firing rates of the visuomotor and
visual neurons were 69.8 and 65.9 spikes/s, respectively, and
those in the contra SC were 75.3 and 81.3 spikes/s, respectively.
The average latencies of visual response were 59.0 and 54.0 ms in
the ipsi SC in the visuomotor and visual neurons, respectively,
while they were 43.4 and 47.2 ms, respectively, in the contra SC
(Fig. 5A, right column). Thus, in the visuomotor neurons, the
latencies were significantly different between the ipsi and contra
SCs (Mann—Whitney U test, p < 0.001). The magnitudes of the
saccadic bursts of visuomotor neurons were not significantly dif-
ferent between the ipsi SC and contra SC (Fig. 5B). The mean
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firing rates were 144.6 spikes/s in the ipsi SC and 140.5 spikes/s in
the contra SC (Mann—Whitney U test, p > 0.05).

In addition to the visual response and the saccadic burst, we also
found the increase of firing rates before the target onset in the ipsi SC.
The magnitudes of the prestimulus activity were 19.3 spikes/s in the
ipsi SC and 11.3 spikes/s in the contra SC (Fig. 5C, top), and these
values were significantly different (Mann—Whitney U test, p <
0.001). When we calculated the net magnitudes of visual re-
sponses by subtraction of the prestimulus activity, the magni-
tudes of the visual responses between the ipsi and contra SCs were
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significantly different (49.7 spikes/s and
65.4 spikes/s respectively, Mann—Whitney
U test, p < 0.01).
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profiles of the spatial information main- - RFout
ta.tined in the ipsi sC during the delay pe- SRS )
riod and those in the contra SC is *+ RFout

demonstrated by plotting the cumulative
distribution of the AUC in epochs 1-3

0
Cue Onset

C Population activity of visual neurons

2 yood3
€ yood3

s/syds 0g

(Figs. 7, 6 B,C) (see Materials and Meth-
ods). When the criteria were set at 0.76
(d" = 1), 74.1% of the neurons in the ipsi

(ms

0
Saccade
Onset

SC discriminated the position of the cue Al
in the early part of the delay period (Fig.
7A, epoch 2). After epoch 2, a large frac-
tion of the neurons in the ipsi SC main-
tained the spatial information until the FP
offset. In the last part of the delay period
(epoch 3), 41.4% of the neurons discrim-
inated the position of the cue. On the
other hand, in the majority of the neurons of the contra SC, the
spatial information was lost just after epoch 1. Even during the
early part of the delay period (epoch 2), only 9.1% of the neurons
discriminated the RF;, and RF trials (Fig. 7B). Although the
AUC in the contra SC was significantly higher than in the ipsi SC
(two-tailed Mann—Whitney U test, p < 0.001) in epoch 1, the
relationship reversed (two-tailed Mann—Whitney U test, p <
0.001) in epoch 2 and epoch 3. These results demonstrated that a
high proportion of the neurons in the ipsi SC maintained spatial
information regarding the cue throughout the delay period, un-
like the neurons in the contra SC.

Figure 6.

epochs 1-3.

0
Cue Onset

0 400 (ms)
FP Offset

Neuronal activity during the MGS task. A, Schema of the task and the raster plots of representative neurons in the ipsi
SC (top row) and contra SC (lower row). B, , Activity of visuomotor neuron and visual neuron populations. Top rows, Spike density
functions; lower rows, time course of the AUC. The left columns show activity aligned with the cue onset, the middle columns show
activity aligned with the FP offset, and the right columns show activity aligned with the saccade onsets. Shaded areas indicate

Analysis of the error trials revealed that neuronal activity in
the ipsi SC during the delay period was correlated with the mon-
keys’ behavioral outcomes (Fig. 8). In the RF;, trials, when the
monkeys made error saccades toward the locations outside the
RF (“typeIerror”), neuronal activity decayed before the FP offset
(Fig. 8 A). In contrast, in the RF_ , trials, when the monkeys made
error saccades toward the locations inside the RF (“type II er-
ror”), the neuron discharged during the delay period (Fig. 8 B). In
the population analysis, neuronal activity in the later part of the
delay period was significantly lower in the type I error trials than
in the correct RF,,, trials, and they were significantly higher in the
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A Ipsi SC B Contra SC type Il error trials than in the correct RF_, trials (Friedman test,
w d'=0 d'=1 d'=0 d'=1 "= Epoch1 p < 0.0001; Mann—Whitney U test with Bonferroni’s correction
5 0 N e, 0 iy, = Epoch 2 for multiple comparisons, p < 0.05) (Fig. 8C). Thus, the spatial
= 2 " . . . . . . . . . .

8 02 Socte, 02 .:'i. = Epoch 3 information maintained in the ipsi SC is likely to be used in the

204 3 04 i Y processes that determine the monkeys’ behavior.

g 06 i oo H Discussion

£ s i gs H Residual visual functions after damage to V1 have been reported
s — : in some patients and in monkeys with damage to V1 (Poppel et
& o o2 05 o075 1 0 025 05 o075 1 al., 1973; Sanders et al., 1974; Weiskrantz et al., 1974; Cowey and

Y
AUC AUC Stoerig, 1995; Moore et al., 1995; Yoshida et al., 2008; Ikeda et al.,

Figure7.  Distribution of the AUCin epochs 1-3 (Fig. 6 B, (, indicated by shaded areas). A, B,
The visuomotor and visual neurons were merged in the ipsi SC (A) and the contra SC (B),

2011), although the neural mechanisms responsible for these
abilities are unclear. In the present study, we first demonstrated

respectively that monkeys with a unilateral lesion of V1 were able to make not
only visually guided saccades but also memory-guided saccades
into the affected visual field, and we examined single-unit activity
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Figure8. Erroranalysis. A, B, Activity of a representative neuron in the RF,, trials () and RF,, trials (B). In this session, we used
a smaller sized cue to collect a sufficient number of error trials. €, Population analysis of the error trials. Activity during the 300 ms
of the last part of the delay period was compared between the correct trials and error trials. The visuomotor and visual neurons were
merged. Data represent mean = SE; *p < 0.05 according to Mann—Whitney U test with Bonferroni’s correction for multiple
comparison; spks/s, Spikes per second.

in the ipsi SC while the monkeys were per-
forming the VGS and MGS tasks in the
affected visual field. The activity in the ipsi
SC was compared to those in the contra
SC while the monkeys were performing
the tasks in the normal visual field. De-
spite the fact that the distribution of the
depth of recording sites and the activity
during the VGS task were matched be-
tween the ipsi and the contra SC, the clear
difference between the ipsi and contra SC
was observed during the retention interval
of the MGS task. A large fraction of the
neurons in the ipsi SC exhibited sustained
activity in the trials with the cues pre-
sented inside the RF and maintained spa-
tial information throughout the delay
period. Error analysis revealed that the sus-
tained activity in the ipsi SC was correlated
with the monkeys’ behavioral outcome.
These results suggest that SC can serve as a
neural substrate of spatial memory in the
affected visual field, at least for saccades.
Spatial memory can be represented in
two ways: retrospective coding and pro-
spective coding (Quintana and Fuster,
1999; Rainer et al, 1999; Curtis and
D’Esposito, 2003). Retrospective coding is
the memory of past sensory events, and
prospective coding is the memory of the
future actions. The results of the error
analysis showed that activity in the ipsi SC
was higher in correct RF,, trials and type II
error trials than in correct RF,,, trials and
type I error trials (Fig. 8). That is, activity
in the ipsi SC was correlated with the
monkeys’ saccade direction rather than
the actual cue position. These results indi-
cate that prospective information is repre-
sented in the ipsi SC. On the other hand,
we observed sustained activity not only in
the visuomotor neurons but also in the
visual neurons. Since visual neurons are
thought to be not directly involved in sac-
cade execution, their sustained activity
would not represent the prospective in-
formation or motor preparation. Rather,
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the sustained activity of visual neurons would represent an inter-
mediary process between visual inputs and motor outputs. Thus,
the activity in the ipsi SC bridging the temporal gap between
sensory information and motor execution would represent not
only the prospective information but also the processes of the
visuomotor transformation preceding the decision of saccade di-
rection. However, involvement of SC activity in the visuomotor
processing for other task contexts such as hand manipulation
remains to be tested in future.

Involvement of the SC in residual visual functions has been a
controversial issue in studies about the neural mechanism of re-
sidual visual functions after damage to the V1 (Dineen et al.,
1982; Rodman et al., 1989; Morris et al., 1999, 2001; Ro et al.,
2004; Boyer et al., 2005; Isa and Yoshida, 2009; Leh et al., 2010;
Schmid et al., 2010); in most of these studies the point of the
argument concerns the role of the SC as a component of the visual
pathways bypassing V1. By showing that the SC is involved in
spatial memory, our results suggest that the SC contributes to the
recovery from the deficits caused by the damage to V1 more than
just as a relay point of visual information.

In both naive monkeys and humans, sustained activity during
the delay period in the MGS task has been observed mainly in the
cerebral regions such as the prefrontal and the parietal cortices
(Gnadt and Andersen, 1988; Funahashi et al., 1989; Chafee and
Goldman-Rakic, 1998; Brown et al., 2004; Srimal and Curtis,
2008). Based on reports that visually driven activity in the cere-
bral cortex was considerably attenuated by a lesion in V1 (Rod-
man et al., 1989; Schoenfeld et al., 2002; Schmid et al., 2009), the
cerebral cortex, including the prefrontal and the parietal regions,
would not be able to function exactly the same as it did before the
lesion. Thus, our results seem well suited for the idea that the SC
compensates for the role of the cerebral cortex in the retention of
spatial memory after a V1 lesion.

Previous studies using naive monkeys reported that a part of the
neurons in the SC also exhibits sustained activities in the absence of
visual stimuli (Mays and Sparks, 1980; Kojima et al., 1996; Wurtz et
al., 2001) and that these activities could be enhanced by the task
condition (Ikeda and Hikosaka, 2007). Thus, the sustained activity
in the ipsi SC might be achieved by the neural mechanism common
to the intact brain. It is well known that the SC receives tonic inhib-
itory inputs from the substantia nigra pars reticulata (Hikosaka and
Waurtz, 1983; Hikosaka et al., 2000), and the release from this tonic
inhibition is proposed as a neural mechanism for modulation of the
neuronal activity in the SC of the naive monkeys (Ikeda and Hiko-
saka, 2003). The same mechanism might help generate the sustained
activity after a V1 lesion. However, such modulatory effects on the
delay period activity in naive monkeys were observed only in a small
fraction of the neurons with saccadic bursts, while the majority of the
neurons in the ipsi SC showed sustained activities during the delay
period regardless of the presence or absence of saccadic bursts.
Therefore, it seems likely that a kind of plastic changes in response to
the V1 lesion (Leh et al., 2006; Bridge et al., 2008; Nelles et al., 2009)
underlies the sustained activity in the ipsi SC. Given that a previous
study reported that visually driven activity was absent in the deeper
layer of the SC after lesion and during inactivation of the V1 in
anesthetized, untrained monkeys (Schiller et al., 1974), the visual
response observed in this study seems to emerge as a result of the
recovery processes and the behavioral training. Thus, the presence of
the visual response also suggests the plastic changes around the SC.

It is interesting to note that the neurons in the ipsi SC exhib-
ited an increase in their firing rates before the onset of the stimuli,
as if to boost the visual response. This activity may reflect the
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expectation of a target or cue appearance in the affected visual
field because the target or cue was presented in the affected or
normal visual field in blocked trials, and might represent a
compensatory mechanism for visually driven activity in the
ipsi SC. The prestimulus activity seems to not directly contrib-
ute to the monkeys’ performance; the magnitudes of the pre-
stimulus activity (mean firing rates in the 100 ms period just
before the cue onset) were not significantly different between
the correct and error trials in the MGS task (Mann—Whitney U
test, p > 0.3, n = 25).

The SC, especially the deeper layer of the SC, is known to have
direct and indirect reciprocal connections between the prefrontal
and parietal cortex, such as the frontal eye field (FEF) and the
lateral intraparietal area (LIP) (Leichnetz et al., 1981; Lynch et al.,
1985, 1994; Paré and Wurtz, 1997; Sommer and Wurtz, 1998,
Wurtz et al., 2001). Signal transmission between the SC and
these cerebral regions might be facilitated by plastic changes
after damage to V1, and the sustained activity might be main-
tained through this reciprocal network involving the SC, FEF,
and LIP. Further study is needed to clarify the role of the
prefrontal and the parietal regions in the residual spatial mem-
ory after damage to V1.

Monkeys with a unilateral lesion of V1 have been used as an
animal model of blindsight (Cowey and Stoerig, 1995; Moore et
al., 1995). Monkeys with a V1 lesion behave as if they are not
aware of visual stimuli in the affected visual field when they have
to report the presence or absence of targets, similarly as patients
with blindsight. As in the previous studies, we have observed that
the same subjects as those in the current study failed to detect
visual stimuli in the affected visual field in the task to report the
presence or absence of targets with saccades (M. Yoshida, K.
Takaura, and T. Isa, manuscript in preparation). Thus, our re-
sults suggest that spatial information can be retained under the
condition of blindsight. The ability to retain information for sev-
eral seconds to guide goal-directed behaviors is often called
“working memory” (Baddeley and Hitch, 1974), and its relation-
ship with visual awareness has been discussed on many occasions
(Baars, 1988; Crick and Koch, 1995; Dehaene and Naccache,
2001; Engel and Singer, 2001; Baars and Franklin, 2003), some of
which proposed that working memory and visual awareness
would be tightly linked to each other (Baars, 2003; Koch, 2004).
Although here we examined only spatial memory for saccades,
our results can be a counter-evidence to this proposal and might
challenge the view on the relationship between visual awareness
and working memory.
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