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After damage to the primary visual cortex (V1), conscious vision is impaired. However, some patients can respond to visual
stimuli presented in their lesion-affected visual field using residual visual pathways bypassing V1. This phenomenon is called
“blindsight.” Many studies have tried to identify the brain regions responsible for blindsight, and the pulvinar and/or lateral
geniculate nucleus (LGN) are suggested to play key roles as the thalamic relay of visual signals. However, there are critical
problems regarding these preceding studies in that subjects with different sized lesions and periods of time after lesioning
were investigated; furthermore, the ability of blindsight was assessed with different measures. In this study, we used double
dissociation to clarify the roles of the pulvinar and LGN by pharmacological inactivation of each region and investigated the
effects in a simple task with visually guided saccades (VGSs) using monkeys with a unilateral V1 lesion, by which nearly all
of the contralesional visual field was affected. Inactivating either the ipsilesional pulvinar or LGN impaired VGS toward a vis-
ual stimulus in the affected field. In contrast, inactivation of the contralesional pulvinar had no clear effect, but inactivation
of the contralesional LGN impaired VGS to the intact visual field. These results suggest that the pulvinar and LGN play key
roles in performing the simple VGS task after V1 lesioning, and that the visuomotor functions of blindsight monkeys were
supported by plastic changes in the visual pathway involving the pulvinar, which emerged after V1 lesioning.
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Significance Statement

Many studies have been devoted to understanding the mechanism of mysterious symptom called “blindsight,” in which
patients with damage to the primary visual cortex (V1) can respond to visual stimuli despite loss of visual awareness.
However, there is still a debate on the thalamic relay of visual signals. In this study, to pin down the issue, we tried double dis-
sociation in the same subjects (hemi-blindsight macaque monkeys) and clarified that the lateral geniculate nucleus (LGN)
plays a major role in simple visually guided saccades in the intact state, while both pulvinar and LGN critically contribute after
the V1 lesioning, suggesting that plasticity in the visual pathway involving the pulvinar underlies the blindsight.

Introduction
After damage to the primary visual cortex (V1), visual awareness
is impaired; however, some patients can respond to visual stimuli
by manual responses or saccadic eye movements without visual
awareness, if the choices are forced (Pöppel et al., 1973; Sanders
et al., 1974; Weiskrantz et al., 1974). This phenomenon is called
“blindsight.” Studying the neural mechanisms of blindsight is
expected to shed light on the neural basis of the unconscious
processes of visual perception and behavioral control.

In terms of the brain regions responsible for blindsight, the
observation with extensive ablation of the cortical tissue suggests
the totally subcortical processing for some visuomotor functions
(Tomaiuolo et al., 1997; Savina and Guitton, 2018); but other
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studies suggest the involvement of cortical visual processing for
goal-directed movements in the blindsight subjects (monkeys:
Schmid et al., 2010; Bridge et al., 2019; humans: Ajina et al.,
2015; Ajina and Bridge, 2018). As for the visual pathway to the
cortex, the earlier studies focused on the role of the superior col-
liculus (SC)—pulvinar—extrastriate pathway to bypass the V1
(Diamond and Hall, 1969; Bender, 1983, 1988; Warner et al.,
2015). The role of SC has been repeatedly confirmed both in
monkeys (Mohler and Wurtz, 1977; Rodman et al., 1990; Kato et
al., 2011) and in human patients (Leh et al., 2010; Georgy et al.,
2016). Later anatomic studies have shown that some portion of
the pulvinar directly receive the retinal inputs, which could con-
vey the visual signal to the cerebral cortex (Kaas and Lyon, 2007;
Gattass et al., 2014). In contrast, the direct route from the lateral
geniculate nucleus (LGN) to the extrastriate cortex has been sug-
gested to play a role in blindsight (Cowey and Stoerig, 1989).
Schmid et al. (2010) showed that visual responses in the extrastri-
ate visual areas disappeared after inactivation of the LGN during
passive viewing after V1 lesioning in a macaque model. After the
inactivation, visually guided saccades (VGSs) were also impaired.
Robust visual responses in LGN have been observed in common
marmosets after the V1 lesion (Yu et al., 2018). Moreover,
the involvement of LGN has also been suggested by diffusion
tensor MR imaging in human patients (Ajina et al., 2015; Ajina
and Bridge, 2018). Thus, the thalamic regions that relay visual
signals to the cortex to support blindsight are still unclear. More
recently, our laboratory showed that VGS was impaired by inac-
tivation of the ipsilesional pulvinar both by injections of musci-
mol and by selective blockade of the SC-to-pulvinar pathway by
double viral vector infection (Kinoshita et al., 2012, 2019).

Both thalamic nuclei can send signals to the extrastriate cor-
tex (Cowey and Stoerig, 1989; Hendry and Yoshioka, 1994;
Berman andWurtz, 2010). However, we cannot directly compare
the roles of the LGN and pulvinar with these contradictory stud-
ies, because there are several critical differences among the sub-
jects in these studies, such as the size of the lesion, the way the
lesion was made, and the time after lesioning. Furthermore,
the experimental measures for assessment were also different.
Therefore, in this study, to draw a clear conclusion on the roles
of the pulvinar and LGN in blindsight, we designed an inacti-
vation study in the same subjects using the same behavioral
task.

We used monkeys with a lesion of a major portion of the
unilateral V1 and adopted a simple VGS task to assess their
ability, because the damage to V1 was extensive and blindsight
was defined as the ability to respond behaviorally to visual stim-
uli without conscious visual experience in the original literature
(Sanders et al., 1974; Weiskrantz et al., 1974; Barbur et al.,
1993). Here, neural activity in either the pulvinar or LGN on
the ipsilesional or contralesional side was inactivated by micro-
injection of the GABAA receptor agonist muscimol. This
approach allowed us to clarify the roles of the pulvinar and
LGN in processing visual information in the intact and lesion-
affected visual hemifields.

Materials and Methods
Animal preparation. Two adult Japanese monkeys (Macaca fuscata;

both female; body weight, 5–7 kg; monkeys O and T) were used in this
study. A head post and chambers were attached for fixing their head
position and for inserting an injection needle during the experiments,
under anesthesia introduced with xylazine hydrochloride (2mg/kg) and
ketamine hydrochloride (5mg/kg) and maintained with isoflurane (1.0–
1.5%). They were trained on the VGS task. All of the experimental

procedures were performed in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals and were
approved by the Committees for Animal Experiments at the Graduate
School of Medicine in Kyoto University and at the National Institute of
Natural Sciences.

Unilateral V1 lesion. Details of the surgical procedures to make the
animal model of blindsight have been described previously (Yoshida et
al., 2008). Briefly, the left V1 of each monkey was surgically removed by
aspiration under the anesthesia described above. As shown in Figure 1,
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Figure 1. Unilateral V1 lesion and VGS performance. A, Lesion areas are indicated in gray
in the cartoon coronal brain images. Five horizontal sections of the brains from monkeys O
and T are presented from left to right from dorsal to ventral (A, anterior; P, posterior; L, left;
R, right). Red dashed lines in the rightmost panel indicate mediolateral levels of the sagittal
sections shown in B. B, Lesion areas are indicated by red colors on sagittal sections of MR
images. Dashed lines show the estimated lesion areas plotted on images of the intact side.
The calcarine sulcus (cal) is indicated in the panels of the intact side. C, Deficit maps of each
monkey based on the threshold of target luminance contrast by which the monkey could
localize the STs. D, Error rate of the VGS task in monkeys O and T. In this case, target contrast
was.0.6. Error rates in the affected visual field and intact visual field are shown in red and
blue, respectively.
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A and B, the caudal surface of the V1, except that receiving visual inputs
from the foveal region, was removed. Furthermore, caudal aspects of the
calcarine sulcus were also aspirated (Fig. 1B). The lesion also partly
included the neighboring V2 and underlying white matter. To assess the
extent of the lesion-affected visual field, we used the VGS task and con-
structed a deficit map.

In this assessment, the luminance contrast of the saccadic target (ST)
was changed randomly between 0.02 and 0.95 by random number gener-
ator in MATLAB (Weber contrast, 0.04–37.8). Sensitivity to luminance
contrast was defined as the minimum contrast at which the monkeys
could perform saccadic eye movements with a .60% success rate.
Deficit maps of individual monkeys were constructed with these values,
and the extent of the affected visual field was assessed (Fig. 1C). In gen-
eral, the visual field disrupted by the V1 lesion extended at least from
eccentricities of 5–15° in both monkeys. Monkey T could perform accu-
rate saccade to STs presented at 300° in eccentricity of 10° and 15° with
no change in the sensitivity to luminance contrast, suggesting that the
subregion of V1 representing this part of visual field spared the lesion.
For these reasons, saccades toward these STs in monkey T were removed
from further analysis. The monkeys were used for the present experi-
ments at 1–5months (monkey O) and 40–47months (monkey T) after
V1 lesioning, and then killed for histologic assessments.

Reversible inactivation of the pulvinar and LGN. To inactivate neural
activity in the pulvinar and LGN, we used microinjection of the GABAA re-
ceptor agonist muscimol. Muscimol (dissolved in saline; concentration,
1.0mg/ml; total injection volume, 0.5–2.0ml) was pressure injected (0.1–
0.4ml/min) through a 27 gauge needle connected to a 10 ml Hamilton sy-
ringe. Injection volume and speed were controlled by a syringe pump
(Legato 130, Muromachi Kikai). Before starting the muscimol injection
experiments, we injected gadolinium (OMNISCAN Intravenous Injection,
Daiichi-Sankyo; dissolved in saline at a concentration of 0.02mmol/ml; pres-
sure injected at 0.1ml/min; total injection volume, 0.5ml) into the intended
position through a grid in the chamber for fixing the microsyringe with
holes at 1 mm intervals (6-YGD-D1, Crist Instrument), and 1 h later took
magnetic resonance images with a 3 T MRI scanner (Verio, Siemens) to
confirm the injection sites either in the pulvinar or LGN (Fig. 2A,B). This
dose of gadolinium can be considered to be nontoxic according to the litera-
ture (Alkhunizi et al., 2020). Injection sites of muscimol were later recon-
structed according to the coordinates in this MR image of gadolinium and
postmortem histologic assessment of injection needle tracks.

In a daily session, the monkeys were required to perform the VGS
task for ;20min before the muscimol injection as a control (only to-
ward STs with an eccentricity of 10°), and we injected muscimol into ei-
ther the pulvinar or LGN. At 20min after injection, the VGS task was
restarted with ST eccentricity changed in each 10min block (10°, 5°, 15°,
and 10° on the side contralateral to the injection). The control data for
STs with other eccentricities (5° and 15°) were collected on the other ex-
perimental days with no muscimol injection.

Eye movement recording system, VGS task design, and statistical
analysis. Psychophysics Toolbox version 3 (PTB-3; http://psychtoolbox.
org/) on MATLAB (MathWorks) was used for stimulus plotting and
data recording. A monitor [Diamondcrysta WIDE RDT272WX (BK),
Mitsubishi] was placed at 600 mm from the eyes of the monkeys. Eye
movements were recorded by an eye tracker (EyeLink 1000 PLUS, SR
Research) at a sampling rate of 1000Hz. All statistical analysis in this
study was performed using MATLAB software (MathWorks).

In our VGS task, an initial fixation point (FP; size, 0.29° radius)
appeared at the center of the screen. The monkeys had to maintain their
gaze in a window (1.4° radius) centered on the FP for 1.0–1.5 s. Another
visual stimulus (ST; 0.29° radius) was then presented randomly at one of
five possible locations, each separated by 30° [centered (0°) on the hori-
zontal meridian], in the hemi-visual field. When the ST appeared, the FP
disappeared and the monkeys were required to make a saccade to the
ST. The correct window for the ST (eccentricity, 5°; radius, 1.3°/eccen-
tricity, 10°, radius, 2.6°/eccentricity, 15°, radius, 3.9°) was a circle with a
radius of half the distance between the centers of two neighboring targets
[radius = eccentricity � sin (direction angle between neighboring target
positions)/2]. This arrangement prevented the targets overlapping with

each other. The luminance Michelson contrast of the FP and ST was
0.95 (Weber contrast, 37.8) on a background of 1.0 cd/m2. A water
reward was delivered if the monkeys acquired the ST within 0.03 s after
saccade initiation and stayed within the ST window for 800ms; other-
wise, it was judged as an error trial. The error rate was calculated by
dividing the number of error trials by the total number of trials (in which
the fixation period was accomplished) during the 10min block. If the
median of the distances between the saccadic end points and STs was
larger than the diameter of the correct window for each ST location, the
performance of the saccade toward the ST location in the session was
judged to be impaired by the muscimol injection (Table 1). The
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Figure 2. Injection sites of muscimol in the pulvinar and lateral geniculate nucleus. A, The
injection sites of muscimol in the pulvinar (Pul) are indicated as white shadows in the coro-
nal planes of MR images. The right panel is the enlarged image of the area captured by the
blue window in the left panel. Red arrow indicates the extent of the gadolinium shadow.
The anteroposterior levels in stereotaxic coordinates are 14.8 mm. B, The injection site of
muscimol in the LGN. The same arrangement as A. The anteroposterior levels in stereotaxic
coordinates are18.8 mm. C, Injection sites in the Pul in each experimental session are indi-
cated as a circle for the ipsilesional side (left) and for the contralesional side (right), respec-
tively. Black circles are injection sites with significant inactivation effects in monkey O, and
red circles are in monkey T. Dashed line indicates the location where the injection did not
affect to the VGS performance. White lines indicate the border of Pul with the adjacent struc-
tures. The anteroposterior levels in the stereotaxic coordinates are 14.8 mm for the left
panel (ipsilesional side) and16.0 mm for the right panel (contralesional side).

Table 1. Number of affected sessions and STs by muscimol inactivation

Inactivation
Affected
session (n)

Affected
ST (n)

Mean error rate
of affected STs

Monkey O ipsiPul 4/6 54/90 0.8169
ipsiLGN 6/6 31/90 0.546
contraPul 1/6 2/90 0.9165
contraLGN 5/5 27/75 0.6804

Monkey T ipsiPul 7/8 78/104 0.7787
ipsiLGN 5/5 50/65 0.7444
contraPul 2/5 2/75 0.3136
contraLGN 3/5 8/75 0.3736

This table indicates how many sessions and STs were affected by muscimol injection. The left number in
each cell shows the number of affected sessions or STs, and the right number shows the number of all ses-
sions or all STs. Here, if the median of saccade amplitude exceeded the correct window (see Materials and
Methods), we considered that the ST was affected by inactivation. If more than one ST was affected in a ses-
sion, the session was defined as an affected session. The average trial number of each daily session ranged
from 450 to 700 trials and from 510 to 1443 trials before and after muscimol injection, respectively. The av-
erage trial number for each ST location after muscimol injection ranged from 14 to 25. contra, Contralateral;
ipsi, ipsilateral; LGN, lateral geniculate nucleus; Pul, pulvinar.
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distribution of errors in direction and amplitude in Figure 3 (also see
Figs. 7, 9) were calculated for these ST locations in these sessions.

We investigated the kinematics of eye movements by analyzing the
relationship between the amplitude and the peak velocity of the saccades
during the performance of the VGS task (main sequence). We used the
following power model for fitting:

f ðxÞ ¼ a�ðxbÞ;

where, f(x) and x indicate saccade amplitude and saccade peak velocity,
respectively. Here, the fitted parameter a represents the slope value and
b represents the exponent value of the fitted curve. To assess whether the

fitted parameters changed after inactivation of the LGN or pulvinar, we
confirmed overlaps of the 95% confidence intervals.

Histologic processing. After the experiments were terminated (mon-
keys O, 6 months after V1 lesioning; monkey T, 50months after V1
lesioning), the monkeys were anesthetized deeply with an intravenous
injection of sodium pentobarbital (50–100mg/kg) and transcardially
perfused with 0.05 M PBS and then with 4% paraformaldehyde in 0.1 M

phosphate buffer, pH 7.4. The brains were sectioned at a thickness 40 or
50mm in coronal slices. The LGN sections were immunostained with a
calcium/calmodulin-dependent protein kinase IIa (CaMKIIa) antibody
(Affinity BioReagents) as described previously (Kinoshita et al., 2019).
Adjacent sections were processed with 1% cresyl violet.
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Figure 3. Effect of ipsilesional pulvinar inactivation on visually guided saccades. A–D, Typical examples were recorded in monkey O. A, Saccadic trajectories before and after inactivation of
the ipsilesional pulvinar. Control (left), at 20–60min after injection (middle), and at.60min after injection (right). Eccentricity (ecc) of the STs was 10°. Each number in the left panel indi-
cates the target direction. B, Distance between the saccadic end points and STs before and after inactivation. Time from injection is indicated in the same manner as in A. ST directions from
�60° to 60° correspond to those from low position to high position in A. Horizontal green dashed lines indicate the error criteria. C, Saccadic trajectories to STs with ecc of 5° (left) and 15°
(right) during the period.60min after inactivation. D, Distances between the saccade end points and STs for each direction of the ST with ecc of 5° (left) and 15° (right) after inactivation. E,
Error rates during the control and inactivation periods, and after injection of saline as a vehicle, for each ecc: 10° (purple), 5° (green), and 15° (blue) are indicated for monkeys O (top) and T
(bottom). Dashed lines with the corresponding color indicate the error rates for saline injections.
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Three coronal sections including one at the center of the LGN along
the rostrocaudal axis and those at 1 mm rostral and caudal to it were
selected, and the number of CaMKIIa-positive cells in these sections
was counted as koniocellular neurons on the ipsilesional and contrale-
sional sides as described previously (Kinoshita et al., 2019). Thus, the
survival rate of koniocellular neurons was estimated by dividing the
number of surviving cells on the ipsilesional side by the number on
the contralesional side. For comparison, the data from three monkeys
(C, A, and H) in our previous article (Kinoshita et al., 2019) were
included in the data of this study.

To find the surviving neurons in LGN, the sections were immunohis-
tochemically processed with the antibody against a neuronal marker,

NeuN. The sections were treated in 0.6% hydrogen
peroxide in Dent’s fixative followed by PBS with
10% normal goat serum (NGS) and 0.1% Triton
X-100 and reacted with mouse monoclonal anti-
NeuN antibody (1 : 400; Millipore) in PBS with
2% NGS and 0.1% Triton X-100 (PBST/NGS) at
4°C overnight. The sections were then incu-
bated with biotin-conjugated anti-mouse IgG
(1 : 200; Invitrogen) in PBST/NGS followed by
the incubation in an Invitrogen ABC Elite Kit
(1:100; Thermo Fisher Scientific) and finally
visualized with diaminobenzidine and nickel
ammonium sulfate.

Experimental design and statistical analysis.
Data were collected from two female Japanese
monkeys. In each daily experiment, we inactivated
the neural activity in the pulvinar or LGN with
microinjection of muscimol. The injection was
conducted more than five times for each brain
area. After the inactivation, the monkeys had an
interval day to wash out the effect of inactivation.
The experiments were designed to compare the
effects of inactivation of the pulvinar and LGN in
the same monkey.

All statistical analyses were performed using
the Statistics toolbox in MATLAB. Because of the
experiments design, we used two-sample t tests for
the comparison of the control dataset with the
dataset of inactivation experiments. The threshold
for significance was set as p, 0.05. The actual p
value for each analysis is described in the figure
legends.

Results
Inactivation of the ipsilesional pulvinar
To investigate the role of the pulvinar in
blindsight, we inactivated neural activity in
the pulvinar ipsilateral to the V1 lesion by
muscimol injection. Before inactivation,
the monkeys were tested on their perform-
ance for VGS to five possible target loca-
tions with an eccentricity of 10°. In this
case, their error rate was ,20% (Fig. 1D).
As shown in Figure 2C, injection sites of
muscimol covered a wide extent in the pul-
vinar, including its tectorecipient ventro-
lateral portion (Stepniewska et al., 1999).
Inactivation of the pulvinar impaired their
performance. They made saccades in the
wrong direction or with the wrong ampli-
tude (Fig. 3A), or their gaze remained on
the FP and did not move even after target
presentation. For example, in the case
shown in Figure 3A, the saccade ampli-
tudes appeared to be correct, but the sac-

cade direction became scattered for saccades toward the ST
in the 0° and �30° directions between 20 and 60min after
injection (Fig. 3A, middle). At 60min after injection, the
monkey often chose the ST in the �60° direction, presum-
ably with guessing, even if saccades were required to other
ST locations (Fig. 3A, right). The error patterns were not
consistent among the daily sessions. The medians of the dis-
tances between the saccade end points and ST locations were
mostly within the correct window indicated by the green
dashed lines before inactivation, as shown in Figure 3B (left);
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however, they clearly increased beyond
the window after inactivation (Fig. 3B).
Muscimol injection affected saccades to-
ward a wide range (four of five targets) of
the visual field on the side contralateral to
the injection at .60min after injection.
The targets were also presented at eccen-
tricities of 5° and 15° from the FP in
different experimental blocks. The impair-
ment of saccade performance was also
observed in all five directions during the
5° and 15° blocks (Fig. 3C,D). The error
rate was higher than during the control
period (Fig. 3E; two-sample t test,
p, 0.05). In the case of vehicle (saline)
injections, the medians of the distance
between the saccade end points and ST
locations were smaller than the diameter
of the ST window for all eccentricities in
both monkeys. These results confirmed
the observations in our previous study
(Kinoshita et al., 2019). In the present
study, we did not test VGSs to the ST in
the ipsilesional visual field, except at an
eccentricity of 10°, because we reported
previously that pulvinar inactivation had
no effect on VGS toward the ipsilesional
visual field (Kinoshita et al., 2019). In
each experiment, we injected muscimol at
one location among a variety of locations
inside the pulvinar, and the amount was
relatively small (0.5ml, 1.0mg/ml). How-
ever, the injection caused a clear deficit in
saccades toward a wide area of the contra-
lateral visual field, maybe because the reti-
notopic map of the pulvinar is less clear
and the response field of each pulvinar
neuron in primates covers a wider visual
field than the neurons in other regions of
the visual thalamus such as the LGN, as
suggested by previous studies (Gattass et
al., 1978; Bender, 1981; Li et al., 2013).
Thus, as shown in Table 1, impairment of
saccades was observed for 54 ST locations
(among a total of 90 ST locations) in all
six daily sessions in monkey O and for 78
ST locations (among a total of 104 ST loca-
tions) in seven daily sessions in monkey T
for ipsilesional pulvinar inactivation.

To clarify the pattern of saccadic
errors after pulvinar inactivation, we di-
vided the errors into amplitude error and directional error for all
saccades toward the ST locations to which the saccades were
judged to be impaired (Fig. 4A,B). We found that inactivation of
the pulvinar caused errors in amplitude and direction. The direc-
tion of error saccades was distributed in a wide range. In con-
trast, the amplitude errors were relatively small in the case of a
10° block. However, saccade amplitude shifted to a 10° eccentric-
ity in the case of 5° and 15° blocks. Such a trend might have been
caused by our task design. Our task always started from the 10°
eccentricity block. Therefore, it is likely that the monkeys contin-
ued to make saccades to 10° eccentricity after pulvinar inactiva-
tion in an internally driven manner, presumably based on

experience or anticipation. These results suggest that ipsilesional
pulvinar inactivation impaired the visual input stage rather than
the visuomotor processing stage through the control of VGSs.

Inactivation of the contralesional pulvinar
To investigate the role of the pulvinar with an intact V1, we
injected muscimol into the contralesional pulvinar. In this case,
we did not observe a clear deficit in VGS. Typical examples of
saccadic trajectories toward the target eccentricities of 10° (Fig.
5A), 5° (Fig. 5C), and 15° (Fig. 5C) are shown in Figure 5. The
medians of the distances between the saccade end points and ST
were less than the diameter of the correct window, in all cases
for all eccentricities in the daily session shown in Figure 5, B
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and D. In total, as shown in Table 1, the performance of sac-
cades was affected in 2 of 90 ST locations across a total of six
daily sessions in monkey O and in 2 of 75 ST locations across a
total of five daily sessions in monkey T for contralesional pulvi-
nar inactivation. The two ST locations for which saccade per-
formance was impaired in monkey O were both from a single
daily session in which a relatively larger dose (2.0ml, 1.0mg/ml)
of muscimol was injected into the most rostral track of the pul-
vinar. It was considered that this effect was caused by the diffu-
sion of muscimol into the LGN. Regarding monkey T, the
performance of saccades to the 5° ST was not accurate even in
the control sessions (Fig. 1D), and there was no significant dif-
ference in the medians of the distances between the saccade end
points and STs between the control and inactivation sessions
toward these two ST locations. Therefore, we concluded that
inactivation of the contralesional pulvinar did not affect the
ability of blindsight.

Conversely, we found another deficit caused by inactivation
of the contralesional pulvinar. After inactivation, the mon-
keys’ eyes shifted to the side contralateral to the injection and
it became difficult for the animals to maintain fixation on the
FP (Fig. 6). However, even with such a deficit, as long as the
ST was displayed while the animals were maintaining fixation
and they could initiate saccades to the ST, they could correctly
perform saccades. This phenomenon was observed in both
monkeys (monkey O, one of six daily sessions; monkey T, two
of seven daily sessions) when inactivating the contralesional
pulvinar, but not when inactivating the ipsilesional pulvinar.
The data from these two daily sessions in monkey T were
removed from the analysis described above, because the ani-
mal lost motivation and stopped performing the task during
the early period of the sessions. Here, it has been reported that
inactivation of the pulvinar causes neglect in the contralateral
visual hemifield (Wilke et al., 2010). In this study, however,
this aspect was unclear after inactivation of the contralesional
pulvinar, because we used only single-target stimuli in the
VGS task. Deviation of eye positions during the free viewing
was not noticed. Together, these results suggest that when
V1 is intact, the pulvinar contributes to gaze fixation, but
does not contribute directly to visual processing for saccade
control.

Thus, the effects of inactivation of the ipsilesional and con-
tralesional pulvinar were clearly different. This difference sug-
gested the possibility that the roles of pulvinar in blindsight were
derived from plastic changes in the visual pathways involving the
pulvinar after V1 lesioning.

Inactivation of the ipsilesional LGN
To investigate the role of the LGN in the same monkeys used in
the pulvinar inactivation experiments, we injected muscimol into
the ipsilesional LGN. We predicted that the pulvinar, but not the
LGN, plays the key role in blindsight with an extensive V1
lesion, because our previous study revealed that V1 lesioning
induced considerable degeneration of the LGN and the number
of koniocellular neurons decreased to 18–34% (compared with
the intact side) at 3–8 years after lesioning (Kinoshita et al.,
2019). However, in the present study, inactivation of the ipsile-
sional LGN affected the performance of VGSs in monkey O
(at 1–5months after lesioning) and monkey T (at 40–
47 months after lesioning; Fig. 7A). Their performance in
the VGS task was impaired and the muscimol-affected vis-
ual field covered the eccentricities from 5° to 15° (Fig. 7C).
The distance between the saccadic end points and ST

became longer than the error criteria, especially at 60 min
after injection (Fig. 7B,D). During this time period, the
error rate for an eccentricity of 10° was higher than during
the control period (Fig. 7E; two-sample t test, p, 0.05). In
the saline injection experiments (N = 2), the medians of the
distance between the saccade end points and ST locations
were smaller than the diameter of the ST windows.

To investigate the error components of saccades after ipsile-
sional LGN inactivation, we compared the errors in saccade
direction and amplitude with the control data. The errors of
direction had a wider distribution than in the control data (Fig.
8A), and the errors of amplitude appeared to be caused by the
tendency of the monkeys to make 10° saccades (Fig. 8B), similar
to those for ipsilesional pulvinar inactivation described above.
The differences in saccadic direction and amplitude from the ST
were significantly larger after inactivation of the ipsilesional LGN
than in the control data (Fig. 8C–F). As shown in Table 1, a sig-
nificant effect was observed in all six daily sessions (31 of 90 ST
locations) in monkey O and in all five daily sessions (50 of 65 ST
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locations) for ipsilesional LGN inactivation. These data suggested
that the LGN is necessary for blindsight after damage to almost
the entire V1.

Inactivation of the contralesional LGN
To confirm the role of the LGN on the side with the intact V1,
we injected muscimol into the contralesional LGN. Inactivation
of the contralesional LGN also induced a deficit in VGS perform-
ance (Fig. 9A,B). This effect started to appear at 20–60min after

injection. The error rate of the VGS task was significantly higher
at an eccentricity of 10° than in the control period and after vehi-
cle (saline) injection (Fig. 9E). Regarding error analysis, differen-
ces in saccadic direction and amplitude from ST relative to the
FP was significantly larger after inactivation of the contralesional
LGN than in the control (Fig. 10), except for amplitude errors in
the trials for an eccentricity of 10° in monkey O, presumably
because the animals were primarily trained to make 10° saccades
(Fig. 10D). As shown in Table 1, a significant effect was observed in
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all five daily sessions (27 of 75 locations) in monkey O and in three
of five daily sessions (8 of 75 ST locations) for contralesional LGN
inactivation. The extent of the ST locations affected by the contrale-
sional LGN was more limited than during inactivation of the pulvi-
nar; however, the effect was profound, as shown in Figure 10. These
results suggest that the LGN is needed for VGS with an intact V1.

Kinematics of saccades after inactivation of the ipsilesional
pulvinar and LGN
To investigate whether the kinematics of VGS were affected
by inactivation of the ipsilesional pulvinar and LGN, the

relationship between the peak velocity and
amplitude of VGS (main sequence relation-
ship) was examined before and after inactiva-
tion of the ipsilesional pulvinar and LGN
(Fig. 11). All saccades, both correct and error,
during the trials were collected for analysis.
As shown in Figure 11, analysis of the main
sequence relationship revealed a slight, but
significant, decrease in saccade velocity after
inactivation of the ipsilesional LGN from the
control in monkey O (see Materials and
Methods; Fig. 11A, asterisk). There was no
significant difference in the other conditions,
for control versus inactivation of the ipsile-
sional pulvinar in monkey O, and for both
conditions in monkey T.

Evaluation of the retrograde degeneration
of LGN neurons
Our previous study showed that at 40–
101months after lesioning, the magnocellular
and parvocellular LGN neurons were mostly
degenerated and that only 18–34% of konio-
cellular neurons remained (Kinoshita et al.,
2019). The present results suggested that the
LGN contributes to VGS performance in
blindsight monkeys during the early (monkey
O, 1–5months) and late (monkey T, 40–
47months) periods after V1 lesioning. To
evaluate the retrograde degeneration and
survival of neurons in the LGN, the ipsile-
sional and contralesional LGNs of both
monkeys were processed for Nissl staining
and anti-NeuN immunostaining to observe
the survival of LGN neurons in general, and
anti-CaMKII immunostaining was used to
visualize the koniocellular neurons. In mon-
key O (Fig. 12A,C,E), with Nissl staining, it
was difficult to find the surviving cells in
the lesion-affected area of LGN as in our
previous study (Kinoshita et al., 2019; Fig.
12A1,3). However, with anti-NeuN immu-
nostaining, a small number of neurons
was found to survive in the lesion-affected
area (Fig. 12C3). Furthermore, anti-
CaMKIIa immunostaining revealed sur-
viving koniocellular neurons (Fig. 12E1,
3,5). The survival rate of koniocellular
neurons on the ipsilesional LGN was 52%
(969 of 1853) compared with the corre-
sponding area of the contralesional LGN
(Fig. 12E). In monkey T, the survival rate
of koniocellular neurons on the ipsile-

sional LGN compared with those on the contralesional LGN
was 35% (824 of 2324; Fig. 12F). The surviving neurons
could be detected by anti-NeuN immunostaining (Fig.
12D3) as well as in monkey O (Fig. 12C3). In both monkeys,
koniocellular neurons survived both in the magnocellular
domain (K1–K2; Fig. 12E3,F3) and in the parvocellular do-
main (K3–K6; Fig. 12E5,F5). Comparing the number of sur-
viving cells detected by anti-NeuN and anti-CaMKIIa
staining, it was not likely that all the surviving cells were
koniocellular. Thus, massive retrograde degeneration of the
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magnocellular and parvocellular neurons was confirmed in
the ipsilesional LGN; however, it was likely that a small por-
tion of magnocellular and parvocellular LGN neurons sur-
vived together with the koniocellular neurons as previously
shown in marmosets (Atapour et al., 2017; Yu et al., 2018) and
in macaques (Matthews et al., 1960). Figure 12G shows the
relationship between the survival time of the monkeys (O, C,
T, A, and H) after V1 lesioning and the survival rate of konio-
cellular neurons (the survival time and survival rate of konio-
cellular neurons were 40months and 34% for monkey C,

71months and 22% for monkey A, and 101months and 18%
for monkey H, respectively; Kinoshita et al., 2019). As shown
in Figure 12G, considerable retrograde degeneration had
occurred before 6months after V1 lesioning and the number
of koniocellular neurons gradually reduced over time after
injury; however, even at .8 years after lesioning, 18% of neu-
rons still survived. This could explain the contribution of the
LGN to saccade control even long after V1 lesioning. In con-
trast to LGN, degeneration was not clear in the pulvinar (data
not shown).
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Discussion
Previous studies independently suggested a role for either the
LGN or pulvinar in blindsight. However, the approaches used in
these studies included issues on the variability of the subjects’
conditions, such as lesion size, time from lesioning, and how vis-
ual capacity was tested. In the present study, we investigated the
roles of the pulvinar and LGN in the same monkeys with unilat-
eral V1 lesions. We extensively lesioned the V1 including the
white matter and a part of the neighboring V2 by aspiration
(Yoshida et al., 2008) to mimic actual blindsight patients

(Weiskrantz et al., 1974; Barbur et al., 1993).
Such extensive lesioning of V1 resulted in
massive retrograde degeneration of the
LGN, but 18–34% of koniocellular neurons
survived 3–8 years after V1 lesioning
(Kinoshita et al., 2019). In the present study,
it was found that the survival rates of konio-
cellular neurons in monkey O (killed at
6months after V1 lesioning) and monkey
T (killed at 50months after V1 lesioning)
were 52% and 35%, respectively. In both
monkeys, a majority of both magnocellular
and parvocellular LGN neurons were al-
ready degenerated when the experiments
were terminated, whereas a small number
of these neuron types appear to have sur-
vived as detected by anti-NeuN immuno-
staining (Fig. 12C,D). We found that the
pulvinar and LGN contributed simultane-
ously to the performance of VGS. If one of
the two regions was inactivated by musci-
mol, the performance of the VGS task was
impaired. Their errors in saccades occurred
both in the direction and amplitude
domains. Conversely, on the intact side,
inactivation of the pulvinar did not affect
VGS performance, while that of the LGN
impaired it. The effective sites on the ipsile-
sional pulvinar covered a broad area of the
pulvinar, and mostly overlapped with those
on the contralesional side, which were not
effective (Fig. 2C). These results suggested
that some plastic changes had occurred in
the neural circuits including the pulvinar
after V1 lesioning. With the present results,
it is still unclear when the pulvinar
becomes critical for saccade control after
V1 lesioning in relation to the retrograde
degeneration of the LGN. To understand
that, we need to examine the effects of pul-
vinar inactivation and histology of the
LGN in animals with an even shorter sur-
vival time after V1 lesioning than monkey
O (i.e., at,6months after lesioning).

Technical considerations
Before arguing on the roles of the ipsile-
sional pulvinar and LGN in blindsight, we
need to discuss the possibility that the effect
of LGN inactivation was caused by the
spread of muscimol to the pulvinar and vice
versa. First, as shown in Figure 2, A and B,
the centers of the injection sites in the pulvi-
nar and LGN were confirmed to be in the

core of both nuclei. To assess the possibility of muscimol spread
between the LGN and pulvinar, we varied the injection sites
among the daily experimental sessions (pulvinar: within an ;4
mm range along the mediolateral axis, LGN: within an ;3 mm
range along the anteroposterior axis). In the case of ipsilesional
pulvinar inactivation, the effect of inactivation could be observed
clearly at its most medial part after 20min from injection in
both monkeys, which was the most remote track from the
LGN. Conversely, regarding LGN inactivation, the effect of
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inactivation was observed at the most an-
terior part of the LGN in monkey T, that
is, the most remote part from the pulvi-
nar. In contrast, in monkey O, the effect
of inactivation was observed only in the
most posterior part of the LGN (the clos-
est to the pulvinar). Furthermore, it took
.60min for the effect of LGN inactiva-
tion to emerge, which was later than for
ipsilesional pulvinar inactivation (two-
sample t test, p, 0.05). These results sug-
gest the possibility that muscimol injected
into the LGN could have spread to the
pulvinar in monkey O. However, we con-
sidered that it is rather unlikely that the
monkey shortly after lesioning (monkey
O, 1–5months after lesioning and the
LGN was more intact) depended more on
the pulvinar than the monkey with a lon-
ger survival time after lesioning (monkey
T, 40–47months after lesioning and the
LGN was more extensively degenerated). Thus, it is reasonable
to consider that the slow action of LGN inactivation was not
caused by the spread of muscimol to the pulvinar, but probably
because the pulvinar partly compensated for the function of the
LGN and a large portion of the LGN needed to be blocked to
show behavioral effects.

Roles of the pulvinar and LGN in blindsight
A recent review (Tamietto and Morrone, 2016) suggested that
blindsight is not a single phenomenon, but should be considered
as a constellation of functions of various visual pathways that
survive V1 lesioning. In our current study, we showed that the
pulvinar and LGN play a critical role in VGS task performance.
A recent study by Yu et al. (2018) showed clear visual responses
in the LGNs of marmosets after V1 lesion, suggesting that not
only the koniocellular neurons but also parvocellular and mag-
nocellular LGN neurons survived and were visually responsive
17–33months after the extensive V1 lesion. In our study, we
could also find a small number of surviving neurons in the
lesion-affected area of LGN, which was consistent with findings
of Yu et al. (2018) on marmosets and Matthews et al. (1960) on
macaques. Thus, these surviving magnocellular, parvocellular,
and koniocellular neurons could mediate the residual vision after
V1 lesion. At this moment, it is still unclear whether LGN and
pulvinar are equally critical or whether LGN plays the major role
and pulvinar plays just a subsidiary role or vice versa. Another
possibility is that the two nuclei play differential roles depending
on the visual input property. Many studies have suggested vari-
ous abilities of subjects with blindsight. For example, blindsight
subjects can discriminate the movement of visual stimuli, colors,
size, and contrast (Stoerig, 1987; Brent et al., 1994; Cowey and
Stoerig, 1995; Weiskrantz, 1995; Benson et al., 1998; Yoshida and
Isa, 2015). Furthermore, they can perform more complex tasks
such as the short-term memory task and classical conditioning
task triggered by visual cues presented in their lesion-affected
visual field (Takaura et al., 2011; Takakuwa et al., 2017). All
of these studies used a simple dot spot as a cue stimulus.
Conversely, several previous studies examined the functions of
the LGN with moving visual stimuli (Schmid et al., 2010; Ajina
et al., 2015; Ajina and Bridge, 2018). To dissociate the functions
of the two regions, experiments are needed in which the features
of the visual stimuli, such as luminance contrast and spatial and

temporal frequencies, are systematically changed, and the behav-
ioral probes for functional assessment should also be varied.

Regarding the significant reduction in the saccade peak veloc-
ity in terms of the main sequence relationship in monkey O, it is
possible that differences in brightness between the intact visual
field and lesion-affected visual field have an effect on saccade
peak velocity. Different brightness conditions have been reported
to affect saccade peak velocity in humans (Felssberg and
Dombrowe, 2018). In the lesion-affected visual field, the sensitiv-
ity of the monkeys to the contrast of the ST was clearly reduced
(Fig. 1C). This suggests that low sensitivity to contrast affected
saccade velocity, similar to the effect of a dimmed condition. In
any case, however, the difference here was small, and the overall
results suggested that the effect of inactivation of the ipsilesional
pulvinar and LGN on the saccade motor system was the mini-
mum and the effects of inactivation were in the visual or visuo-
motor transformation process of the VGS control system.

Plasticity in blindsight subjects
The present study showed that inactivation of the ipsilesional
pulvinar, on the same side as the lesioned V1, impaired VGS per-
formance, while that of the contralesional pulvinar, on the side
as an intact V1, had no effect. These results suggested that some
plastic changes occurred in the visual pathway for VGS to upreg-
ulate the contribution of the pulvinar to compensate for the loss
of V1 during recovery. The mechanism for the upregulation of
pulvinar function is still unclear. A possible mechanism might be
the disinhibition of pulvinar neurons leading to the generation of
firing responses to visual stimuli, which was the subthreshold for
the induction of spiking responses in pulvinar neurons before
V1 lesioning. Conversely, an anatomic study showed that the
subregion of the pulvinar receiving inputs from the SC has little
overlap with the subregion projecting to the extrastriate cortex
such as area MT (Stepniewska et al., 1999). If so, it would be
more likely that some plastic changes in axonal trajectories
including sprouting occurred in the SC–pulvinar–MT pathway
after V1 lesioning. Previous studies showed that the function of
the SC on the ipsilesional side is upregulated after V1 lesioning
in terms of VGS, memory-guided saccades, and pavlovian condi-
tioning, compared with the contralesional SC (Takaura et al.,
2011; Takakuwa et al., 2017, 2018). Considering these results, the
plastic changes in transmission through the SC–pulvinar–corti-
cal pathways might underlie blindsight.
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