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Abstract

Injury to the primary visual cortex (V1) leads to the loss of visual experience. Nonetheless, careful
testing shows that certain visually guided behaviors can persist even in the absence of visual
awareness1-5. The neural circuits supporting this phenomenon, often termed blindsight, remain
uncertainb. Here we demonstrate a causal role of the thalamic lateral geniculate nucleus (LGN) in
V1-independent processing of visual information. By comparing fMRI and behavioral measures
with and without temporary LGN inactivation, we assessed the contribution of the LGN to visual
functions of macaque monkeys with chronic V1 lesions. Prior to LGN inactivation, high contrast
stimuli presented to the lesion-affected visual field (scotoma) produced significant V1 independent
fMRI activation in extrastriate cortical areas V2, V3, V4, V5/MT, FST, and LIP, and were
correctly located by the animals in a detection task. However, following reversible inactivation of
the LGN in the V1-lesioned hemisphere both fMRI responses and behavioral detection were
abolished. Taken together, these results demonstrate a critical functional contribution of the direct
LGN projections to extrastriate cortex in blindsight, and suggest a viable pathway mediating fast
detection during normal vision.

Two adult macaque monkeys with chronic V1 aspiration lesions (methods summary) were
acclimated to the functional magnetic resonance imaging (fMRI) testing environment.
During the experiments the animals sat upright in a custom-made chair placed in a vertical
4.7 Tesla MR scanner and fixated a small point in the center of the screen while the eye
position was recorded and visual stimuli were presented (supplementary methods). The
boundaries of retinotopically organized visual areas were established using standard
functional mapping methods (supplementary figures 1 and 2)6. The center of the lesion was
located at the representation of the horizontal meridian and extended several millimeters
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both dorsally and ventrally into V1 (black area in figure 1a, area between red bars in figure
1b, black area in supplementary figure 2), corresponding to a visual eccentricity of ~2 to ~7
degrees of visual angle. Previous work has shown that this type of lesion in VV1 does not
alter the retinotopic organization assessed with fMRI in several extrastriate areas?.

To assess whether extrastriate cortex could be activated in the absence of V1 input, we
presented a small (2° diameter), rotating checkerboard pattern, known to effectively drive
responses in early visual cortex, to the visual field region affected by the lesion (scotoma,
figure 1c, upper panel), and in independent experimental runs to the corresponding region in
the healthy hemisphere as a control (figure 1c, lower panel). As expected, the stimulus
shown to the unaffected hemifield elicited strong, circumscribed, contralateral responses in
V1, neighboring extrastriate areas V2/V3, V4, V5/MT and FST (figure 2 a,d), and in parietal
area LIP (supplementary figure 3 a,c). When the stimulus was presented inside the scotoma
region, there was no V1 response (since the cortex was removed); nonetheless, there were
stimulus-driven responses in extrastriate areas V2/V3, V4, V5/MT, FST and LIP (figure 2
b,e; supplementary figure 3 b,d), indicating that stimulus information reached these areas in
the absence of V1 input. Moreover, comparing the activation patterns of the lesioned and
control hemisphere revealed that the responses within each area were localized to their
normal retinotopic positions. However, one prominent difference between the lesioned and
the control conditions was the emergence of a dorsoventral asymmetry in areas V2 and V3,
with only dorsal, but not ventral portions of these areas exhibiting VV1-independent
responses. This effect, which has been previously observed in human blindsight8, cannot be
attributed to the position of either the lesion or the stimulus, since the retinotopically-
matched stimulus in the opposite visual field evoked roughly equivalent responses in both
dorsal and ventral parts.

On the behavioral level, both monkeys retained the ability to detect and make a saccadic eye
movement to small (0.2° diameter), high, but not low, contrast visual targets presented
inside the scotoma albeit with a diminished performance. Target contrasts were adjusted
based on performance in the control hemifield, such that there was reliable detection even at
the lowest contrast level (7%) (figure 2c,f, and supplementary methods). When low contrast
stimuli were presented inside the scotoma, both monkeys consistently maintained central
fixation, indicating they were probably unaware of any stimulus being presented3. By
comparison, when high contrast (100%) stimuli were shown, the monkeys were able to
detect roughly half the presentations, consistent with previous reports of blindsight in
humans and monkeys 1-4,9. Finally, a direct comparison between detection performance
and fMRI responses to the same set of stimuli (2° diameter) presented in the scotoma at
varying luminance contrast levels confirmed the tight relationship between both measures of
blindsight (supplementary figure 4).

Several controls ruled out the possibility of scattered light contributing to the observed
effects10,11. First, behavioral responses were spatially accurate, since performance was
calculated by only considering saccades that were within 1° from the target. Second, when
the same, high-contrast stimuli were presented monocularly in the monkey’s blindspot (area
covered by the optic disc in the retina), performance fell to zero (supplementary figure 5).
Third, no systematic fMRI modulation was measured in intact V1 of either monkey adjacent
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to the lesion (figure 2b, ). Fourth, strong extrastriate activation was found in a third
monkey, in which a much larger lesion was made, encompassing all of opercular V1 and a
portion of adjacent V2 (supplementary figure 6). Taken together, these experiments rule out
non-specific effects of scattering light10,11 as being responsible for the observed behavioral
and fMRI responses to stimuli in the scotoma, and demonstrate a viable visual pathway that
can operate in the absence of V1, in accordance with previous studies in human patients and
lesion studies in monkeys1-5,7,8,12,13.

We next asked, what are the components of the pathway that provide VV1-bypassing input to
the extrastriate cortex and that support visual performance? Previous work has demonstrated
the existence of direct anatomical projections from the LGN, the main thalamic relay
between the retina and the primary visual cortex, to several extrastriate visual areas14,15.
We therefore hypothesized that residual activity in extrastriate cortex and corresponding
behavioral performance is the result of sensory signals transmitted directly from the LGN.
We examined this possibility by temporarily disrupting neural activity within the LGN of
V1-lesioned monkeys by locally injecting the GABA-A agonist THIP16 (methods
summary), and measuring the effects on both cortical fMRI responses and behavioral
performance. Specifically, the posterior part of the LGN, which represents the parafoveal
visual hemifield and covers the scotoma-affected region (methods summary), was reversibly
inactivated on multiple occasions via chronically implanted MR-compatible guide tubes.
The MR contrast agent gadolinium (Gd) was co-injected along with THIP, allowing for the
visualization of the spread of the injection in the tissue. In both monkeys (figure 3 a,d), the
2ul injection diffused to an effective diameter of approximately 3 mm in the caudal LGN, as
visualized by the Gd (figure 3 a, d, ~ AP+7 in stereotactic coordinates).

Following inactivation of the LGN virtually all extrastriate responses in the V1-lesioned
hemispheres disappeared, (figure 3 b,e), indicating that the residual activation to stimuli
presented in the scotoma had reached extrastriate cortex via direct projections from the
LGN. Moreover, inactivation of the LGN abolished the animals’ residual capacity to detect
high contrast stimuli presented to the scotoma region of the visual field (red line, figure 3
c,f), demonstrating that the LGN is the critical thalamic link supporting behavioral
performance in blindsight. Detection of visual control stimuli in the opposite hemifield
(outside the scotoma) remained unaffected.

To obtain a more quantitative assessment of the amount of information transmitted via the
LGN directly, we compared the strength of fMRI responses under normal visual stimulation
conditions to those obtained inside the scotoma, with and without additional LGN
inactivation, across all experimental sessions (figure 4). On average, across monkeys and
extrastriate areas, fMRI activation levels to scotoma stimulation with the LGN intact were
~20% compared to normal conditions. This finding is in good qualitative agreement with
previously reported fMRI activation patterns of human and monkey blindsight
subjects7,8,12 and with single unit recordings in area V5/MT of macaque monkeys with
chronic V1 lesions13. Inactivating the LGN in addition reduced activation levels to less than
5% compared to normal.
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Aside from demonstrating the role of the LGN in supporting blindsight, these data reveal
several interesting features of VV1-independent vision. For example, the asymmetry of visual
responses in areas VV2/V3 to stimuli in the scotoma, which has been previously observed in
blindsight patient GY8, may reflect the differential contributions of parallel visual streams to
upper and lower field vision. Namely, a larger proportion of neurons in both in the retina
and LGN respond to lower than to upper visual field stimulation17. Psychophysical
evidence suggests that this bias is primarily related to the magnocellular system18, which at
the level of the retina is also the system that is less affected by retrograde degeneration
following V1 injury19. Thus, one possibility for the observed asymmetry following striate
cortex lesions is that the normal visual field asymmetry of the magnocellular system is
unmasked by post-lesional neurodegeneration.

The near-complete drop in both extrastriate activation and behavioral performance not only
implicate the LGN as being a critical hub for blindsight, but also argues against pathways
that do not involve the LGN. Blindsight functions have been observed for decades in a
number of different species and have traditionally been attributed to a second visual pathway
where retinal information is relayed via the superior colliculus and another, secondary
thalamic nucleus, the pulvinar, to the extrastriate cortex20. While the role of the superior
colliculus in mediating blindsight functions and V1-independent responses in area V5/MT of
humans and monkeys has been demonstrated21,22, there is presently no direct evidence for
a role of the pulvinar. On the contrary, the pulvinar may have minimal contribution for the
following reasons: (i) its anatomical basis as a first order visual relay are in question23, (ii)
its neural responses appear to be driven more by cortical than by collicular inputs24, (iii)
there is no residual vision following LGN lesions25, and (iv) neural activity in area V5/MT
is eliminated during LGN inactivation26.

Conversely, contribution of the LGN to blindsight has sometimes been left as an open
possibility5,22, though post-lesional degeneration of the parvo- and magnocellular layers
within the LGN has raised question as to how a viable pathway would survivel9. Our
demonstration of a functional route through the LGN may therefore point to the involvement
of the koniocellular system, whose neurons reside primarily in the intercalated layers, which
have been shown to survive following V1 lesions27. Interestingly, it is also these same
koniocellular-rich layers that receive input from the superior colliculus23,28 and that project
directly to area V5/MT and possibly also to other extrastriate cortical areas14,15, which may
explain the previously described effects of superior colliculus ablation on V1-independent
visual processing21,22. Finally, recent observations using diffusion tensor MR imaging in a
human blindsight patient many years after a V1 lesion demonstrate significant projections
between the LGN and area VV5/MT29, although the directionality of the projection could not
be established with that method.

Taken together, our data demonstrate a causal role of the LGN for VV1-independent visual
functions. We hypothesize that this residual function is mediated by neurons in the
intercalated layers of the LGN, whose direct projections to the extrastriate cortex may not
only support residual vision following V1 lesions, but which may also serve as a shortcut to
high-level cortex during normal vision. This shortcut may serve to explain the very short
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latency neural responses observed in some extrastriate visual areas30, and may facilitate
some forms of rapid behavioral responses to visual stimuli.

Methods summary

The main experiments were carried out in two healthy adult monkeys (Macaca mulatta), one
male (8 kg weight) and one female (5 kg weight). Additional control experiments were
conducted in a third healthy adult female monkey (5 kg weight). All procedures followed the
ILAR (Institute of Laboratory Animal Resources, National Research Council of the National
Academy of Sciences) guidelines and were approved by the NIMH Animal Care and Use
Committee of the US National Institutes of Health (National Institute of Mental Health). To
immobilize the head during experiments and record eye movements during behavioral
testing, headposts and eye coils were implanted following standard procedures described
elsewherel6. Area V1 lesions were performed by coagulating pial vessels over the intended
lesion area on the V1 operculum and by aspirating gray matter within this area. In both
monkeys the lesions were located ~2—7° visual eccentricities away from the fovea (monkeys
had no problems maintaining fixation), covering between one third and one half of opercular
V1. A lesion in a third monkey, completely covering opercular V1 and also large parts of
adjacent V2 (supplementary figure 6), was used to evaluate the possibility of scattered light
effects on intact gray matter tissue in the first two monkeys with smaller lesions. To reach
the LGN for inactivation, MR-compatible fused-silica guide tubes (Plastics One, Roanoke,
VA) were chronically implanted in monkeys 1 and 2, using a frameless stereotaxy procedure
(Brainsight, Rogue Research, Montreal, Canada). For the experiments, the GABA-A agonist
THIP (Tocris; Concentration: 6.67ug/ul, dissolved in sterile saline, pH 7.4; Volume: 2ul;
Rate: 0.5 — 1ul/min) was injected for LGN inactivation together with the MR contrast agent
Gadolinium (Berlex Imaging, 5mM) to visualize the site and extent of the injection in an
MR image.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Experimental setup. a. The upper part shows a side view on the right hemisphere of an
inflated macaque brain. An area of ~ 400 mm? of gray matter in the opercular part of
primary visual cortex (V1) representing the visual field between ~2° and 7° has been
surgically aspirated and is shown in black. Extrastriate areas, the subject of analysis in this
study, are hidden in the sulci surrounding V1, including the lunate (LS), inferior occipital
(10S), and superior temporal (STS) sulci. To facilitate the visual examination of extrastriate
cortex, the occipital lobe (dashed circled area in the upper panel) was cut and flattened
(lower panel). b. Axial sections of monkey 1’s (upper panel) and monkey 2’s (lower panel)
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occipital lobes at the position indicated by the green dashed line in panel a. The outward
borders of white and gray matter are highlighted by green and orange dotted lines,
respectively. The lesions are evident by the absence of gray matter (red line markers). c. To
compare visually elicited responses in extrastriate cortex in the presence versus absence of
V1 input, rotating checkerboard stimuli were spatially restricted (2° diameter) and presented
either inside (upper panel) or outside (lower panel) the scotoma (part of the visual field
affected by the V1 lesion, indicated here by red circles).
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Figure 2.

Visual processing in V1 lesioned monkeys. a. Functional activation map of macaque 1’s
non-lesioned visual cortex to 85 cycles of visual stimulation outside the scotoma (figure 1C,
lower panel). The map has been horizontally flipped for easier comparison with the lesioned
hemisphere. White dotted and solid lines show the position of the vertical and horizontal
meridian representations, respectively, derived from independent retinotopic mapping
experiments (supplementary figures 1, 2) to reveal the functional boundaries of extrastriate
areas6 . b. Activation map of macaque 1’s lesioned hemisphere to 85 visual stimulation
cycles inside the scotoma (figure 1C, upper part). The position of the stimulus inside the
scotoma was effective, in that lesion surrounding V1 cortex with intact gray matter was not
activated. In the absence of V1 input, areas V2/V3, V4 and V5/MT continue to be visually
responsive. c. Behavioral performance of monkey 1 in detecting visual stimuli (0.2°
diameter) presented inside (red line) or outside (green line) the scotoma at different
luminance contrast levels compared to a constant gray background. On one third of the trials
no stimulus was presented and the monkey was rewarded for maintaining central fixation
(blue line). Data represent mean + sem from five experiments. d. Functional activation map
of monkey 2’s non-lesioned hemisphere to 95 visual stimulation cycles. e. Activation map of
monkey 2’s lesioned hemisphere to 95 visual stimulation cycles inside the scotoma. f.
Behavioral performance of monkey 2 for detecting visual stimului inside (red line) versus
outside (green line) the scotoma or during catch trials (blue line). Data represent mean + sem
from five experiments. Although both monkeys display a large visual deficit, visual
information continues to be processed to some extent as performance improves with
stimulus contrast.
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Figure 3.
Role of the LGN in driving V1-independent visual processing. a. Inactivation of the LGN

was achieved by injecting the GABA-A agonist THIP (methods). The drug was co-injected
(total volume 2 ul, methods) with the diamagnetic MR contrast agent Gadolinium (Gd) to
visualize the injection in MR images. Here, a coronal section through the posterior part of
monkey 1’s LGN (~ AP +7 mm) is shown. Injection of Gd resulted in a localized increase in
the intensity of the MR signal with a diameter of ~3 mm (red arrow). Reproducible
injections across experiments were achieved by permanently implanting a MR-compatible
cannula (yellow arrow). b. Functional activation map of macaque 1’s left, lesioned
hemisphere to visual stimulation inside the scotoma (35 stimulation cycles) during
inactivation of the LGN. LGN inactivation results in the elimination of VV1-independent
visual responses (figure 2 b). c. Monkey 1’s performance in detecting visual targets at
different luminance contrasts. Data represent mean + sem performance from three
experiments with THIP injections into the LGN. The injections eliminated the monkey’s
ability to detect a target inside the scotoma. d. Inactivation of macaque 2’s posterior LGN. e.
Activation map of macaque 2’s right, lesioned hemisphere to visual stimulation inside the
scotoma (60 stimulation cycles) during LGN inactivation. f. Monkey 2’s performance for
correctly detecting targets during LGN inactivation. Data represent the mean + sem
performance in three experiments with THIP injections.

Nature. Author manuscript; available in PMC 2011 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Schmid et al.

t-statistic

t-statistic

70
60
50
40
30
20
10

0

-10

70
60
50
40
30
20
10

-10 -

Page 12

= Control
¥ | esion
I Les + Inj
dv2/ V3 vW2/V3 V3a dv4 vVv4 MT FST LIP
¥ Control
¥ | esion
I Les + Inj
dv2/V3  vW2/V3 V3a dv4 vVv4 MT FST LIP
Figure4.

Quantitative summary of mean fMRI activation levels in extrastriate areas under normal
conditions (V1 and LGN intact, blue bars), in the absence of V1 input (lesion, red bars), and
in the absence of input from V1 and the LGN (les. + inj., green bars). Data in the upper part
were collected from monkey 1 and correspond to the mean + sem t-statistic obtained during
85 visual stimulation cycles without LGN inactivation and 60 stimulation cycles with LGN
inactivation. Data in the lower part come from experiments with monkey 2, in which the
mean * sem t-statistic has been computed over 95 stimulation cycles without LGN
inactivation and 20 stimulation cycles with LGN inactivation. Note that on average across
areas and monkeys, fMRI activation in extrastriate areas is reduced by ~80% when V1 input
is missing. Additional LGN inactivation reduces activity by more than 95% compared to
normal levels.
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