18740 - The Journal of Neuroscience, November 27, 2013 - 33(48):18740 —18745

Brief Communications

Motion-Sensitive Responses in Visual Area V4 in the
Absence of Primary Visual Cortex
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Neurons in cortical ventral-stream area V4 are thought to contribute to important aspects of visual processing by integrating information
from primary visual cortex (V1). However, how V4 neurons respond to visual stimulation after V1 injury remains unclear: While
electrophysiological investigation of V4 neurons during reversible V1 inactivation suggests that virtually all responses are eliminated
(Girard et al., 1991), fMRI in humans and monkeys with permanent lesions shows reliable V1-independent activity (Baseler et al., 1999;
Goebel et al., 2001; Schmid et al., 2010). To resolve this apparent discrepancy, we longitudinally assessed neuronal functions of macaque
area V4 using chronically implanted electrode arrays before and after creating a permanent aspiration lesion in V1. During the month
after lesioning, we observed weak yet significant spiking activity in response to stimuli presented to the lesion-affected part of the visual
field. These V1-independent responses showed sensitivity for motion and likely reflect the effect of V1-bypassing geniculate input into

extrastriate areas.

Introduction

The visual system is thought to operate via serially and hierarchi-
cally organized processes (Felleman and van Essen, 1991) where
damage to earlier stages leads to loss of function in later stages.
However, at the level of primary visual cortex (V1), lesions do not
abolish all visual function: Humans and nonhuman primates can
retain residual vision in the form of “blindsight” (Cowey, 2010),
a term that was coined to describe the ability to detect and re-
spond to visual stimuli in the absence of conscious visual experi-
ence. Research over the past years has established that activity in
higher cortical areas, most prominently in motion-sensitive area
V5/MT, is correlated with blindsight (Rodman et al., 1989; Zeki
and Ffytche, 1998; Baseler et al., 1999; Goebel et al., 2001; Azzo-
pardi et al., 2003; Schmid et al., 2010). However, the extent to
which ventral stream cortex retains responsiveness without V1
input remains controversial. Here we address this question at the
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level of V4, an area thought to be primarily important for shape
and object processing (Roe et al., 2012). Previous assessment of
neuronal activity during temporary V1 cooling under anesthe-
tized conditions concluded that V4 is entirely dependent on V1
input (Girard et al., 1991). However, this finding is in apparent
conflict with reports of reliable fMRI responses in V4 of awake
monkeys and humans with chronic V1 lesions (Baseler et al.,
1999; Goebel et al., 2001; Schmid et al., 2010). These V1-
independent fMRI responses were shown to depend on the lateral
geniculate nucleus (LGN) of the thalamus (Schmid et al., 2010)
and thus most likely rely on a geniculo-extrastriate pathway
(Rodman et al., 2001; Sincich et al., 2004) that draws its input
from the superior colliculus (Harting et al., 1991). To resolve the
apparent conflict between electrophysiology and fMRI and to
control for some of the methodological differences that may have
contributed to these discrepant findings, we chose an approach in
which we longitudinally recorded the multiunit spiking activity
(MUA) in behaving monkeys before and after permanently le-
sioning V1.

Materials and Methods

Subjects. Two healthy adult female rhesus monkeys (Macaca mulatta,
Monkey B and Monkey F) with prior V1 lesions in the right hemisphere
were used in the study. All procedures were in accordance with the Insti-
tute for Laboratory Animal Research Guide for the Care and Use of
Laboratory Animals and approved by the Animal Care and Use Commit-
tee of the National Institute of Mental Health.

Surgical procedures. A large occipital bone flap over the left hemisphere
was created to warrant access to areas V1 and V4. A chronic 10 X 10
“Utah” array of microelectrodes (Blackrock Microsystems) was subdur-
ally inserted on the prelunate gyrus, ~2 mm dorsal of the lateral tip of the
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Figure 1.

Coronal section of V1 for Monkey B (left) and F (right). Scale bars, 5 mm.

inferior occipital sulcus. Each microelectrode was 1.5 mm long with a tip
radius ranging from 3 to 5 wm, and an interelectrode spacing of 400 wm.
After array implantation, dura and bone flap were sutured back in place
and covered with the skin. In a subsequent surgery, following the first
period of recordings, V1 was lesioned using procedures as described
previously (Schmid et al., 2010).

Behavioral task and visual stimulation. Eye movements were moni-
tored either using the scleral search coil technique or via infrared-based
tracking of the pupil. To delineate the outline of the visual deficit (“sco-
toma”) in the part of the visual field containing the V4-receptive fields,
monkeys were trained on a simple perimetry task before lesioning. To
this end, monkeys learned to initially fixate a small centrally placed dot
(0.4° diameter). If the monkeys maintained fixation for 500 ms within
maximally 1.5-2° diameter of the fixation spot, a second dot (0.4° diam-
eter) was presented in addition to the fixation spot for 10002000 ms in
one of 10 X 10 possible target positions of a virtual grid in the lower right
visual field quadrant (—1° to 9°, grid resolution 1°). To receive reward,
monkeys had to execute a single saccade and acquire fixation for 500 ms
within a new fixation window of 2° diameter around the target.

To probe for visually elicited neuronal responses, monkeys were
trained to maintain passive fixation within 1.5-2° diameter of a fixation
spot while the various visual stimuli were displayed on the screen. Visual
stimuli were generated using OpenGL-based custom written software
(ESS/STIM, courtesy of Dr. D. Sheinberg, Brown University) running on
industrial PCs (Kontron) with NVIDIA Quadro FX 3000 graphics
boards. Stimuli were presented with a screen refresh rate of 60 Hz on a
single LCD Samsung monitor (height 40 cm, width 65 cm) positioned at
a viewing distance of 100 cm. All stimuli were presented for 500 ms on a
dark gray background. Typical stimulus presentations per session were
between 1000 and 1300.

For receptive field mapping, random dot kinematographs with a di-
ameter of 1-1.5° were presented at pseudo-randomly selected stimulus
locations on an 8 X 8 virtual grid in the lower right visual field quadrant
(0°-7°, grid resolution 1°). The direction of dot movement (upward or
downward) was randomly varied on a trial-by-trial basis while the mo-

Longitudinal investigation of V4 neuronal responses before and after V1 lesion. A, fMRI-based retinotopic map of
visual cortex for Monkey B, acquired before lesioning V1 using alternating rotating checkerboard wedges. B, The lesion was
targeted to eliminate the V1 representation of the right horizontal meridian between ~2-7° of visual eccentricities (red) while
leaving lower vertical meridian representation intact (blue). €, Stimuli close to the right horizontal meridian inside the lesion-
affected visual space are labeled “scotoma stimuli” and stimuli close to the vertical meridian are labeled “control stimuli.” D,

as for the receptive field mapping.

Neurophysiological recordings. Electrical ref-
erence was a wire located subdurally over the
parietal cortex. We recorded from a random
selection of 64 channels of the 96 channels
available from the array. Electrode impedances
ranged between 150 and 1 M{) at 1 kHz. Extra-
cellular voltages were amplified, filtered be-
tween 0.1 Hz and 12 kHz, and digitized at
24,414.1 Hz using a 64-channel RZ2 recording
system (Tucker Davis Technologies).

Data analysis. All data were analyzed with the MATLAB (R2011a,
MathWorks) toolbox FieldTrip (Oostenveld et al., 2011) and custom-
written scripts. To obtain an estimate of MUA, the field potential was
bandpass-filtered between 300 Hz and 12 kHz, rectified, low-pass
filtered at 120 Hz with a fourth order zero-phase Butterworth filter,
and downsampled to 256 Hz, yielding a quasi-continuous measure of
high-frequency field power. Data from each trial were then normal-
ized to their respective 250 ms prestimulus period and expressed as
percentage change from baseline throughout the paper. Data were
pooled across sessions, except for the direction of motion analysis.
Responses were estimated by averaging the normalized MUA signal
between 50 and 500 ms. For presentation purposes, the MUA time
courses were smoothed by convolution with a Gaussian kernel of 125
ms SD. The array receptive field (RF) was determined by averaging the
individual receptive fields of all visually responsive electrodes and
interpolating to a resolution of 0.5°. Tuning for direction of motion
was assessed by comparing the average responses of the preferred
feature (i.e., the one resulting in strongest response) to the nonpre-
ferred feature (i.e., with minimal response). Tuning strength is quan-
tified with a tuning index d” as follows:

MUAPF - MUAnonPF

G
where ¢ = (03 + Ohpr)/ 2 is the pooled SD of the two response
distributions. Significance was assessed by comparing actual d’ values

against a surrogate distribution obtained by randomly shuffling trial la-
bels 10,000 times.

Results

To delineate the effect of permanent V1 lesions on electrophysi-
ological responses in macaque ventral-stream visual cortex, we
longitudinally monitored V4 MUA during the presentation of
various spatially restricted stimuli over a period of several weeks
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Figure 2. V4 responses to scotoma stimuli are severely degraded but not abolished. 4,

Detection performance of Monkey B in a perimetry task at various stimulus positions in the
lower right visual field during the week before (left, n = 532 trials from 2 sessions) and after
(right, n = 705 trials from 3 sessions) the V1 lesion. Dashed magenta line indicates scotoma
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using chronically implanted multielectrode arrays (Fig. 1). Fol-
lowing detailed presurgical retinotopic mapping by fMRI (Fig.
1A), we first implanted electrode arrays into area V4 at a position
where the average receptive field of neurons was centered at ~3°
of eccentricity. After ~2 weeks of initial electrophysiological as-
sessment with V1 intact, we carried out permanent V1 lesions by
aspirating V1’s gray matter from the representation of the fovea
laterally up to ~7° medially, straddling most of the upper and
lower visual field representations around the horizontal meridian
(Fig. 1B). Importantly, however, a section of approximately 5
mm near the lunate sulcus representing the visual vertical merid-
ian (including the boundary to area V2) was not aspirated to
allow for control conditions with V1 intact (Fig. 1 B, C). For the
experiments described below, this enabled us to compare neuro-
nal responses with V1 intact versus V1 lesioned, regardless of the
time point of assessment (Fig. 1C). Postmortem histological as-
sessment of the brains of both monkeys confirmed complete loss
of gray matter in the lesioned area of V1 and the preservation of
the region of cortex that served as a control in the experiments
(Fig. 1D).

Behavioral performance

During the week after the lesion, we assessed the animals’
behavioral ability to detect visual stimuli and recorded V4
spiking responses to visual stimuli presented at different po-
sitions in the visual field. As expected, the V1 lesion resulted in
a circumscribed scotoma: there was a severe deficit in detect-
ing visual stimuli in a zone surrounding the horizontal merid-
ian, whereas vision at the vertical meridian remained largely
intact (Fig. 2A,C).

Spatial organization of V4 responses with respect to scotoma

We next assessed the effects of the V1 lesion on the large-scale
visuotopic RF organization of the sampled V4 population by
presenting stimuli at various locations in the lower right visual
field. The longitudinal design of our study allowed for a direct
comparison of the RFs from precisely the same cortical loca-
tion before and after the lesion. In both monkeys, the array RF
(i.e., the average RF across all visually responsive electrodes)
showed a strong reduction in response amplitude for stimuli
around the horizontal meridian that closely matched the be-
havioral scotoma (compare Fig. 2 A, C with Fig. 2B, D, respec-
tively), whereas the responses close to the vertical meridian
remained mostly intact. On average, MUA responses to stim-
uli presented near the horizontal meridian were reduced from
8 = 1.0% before the lesion to 0.70 = 0.076% after the lesioning
Monkey B (n = 53 electrodes, p < 10 ~°, Wilcoxon signed rank

<«

border estimate. B, V4 MUA array RF of Monkey B before (left, n = 3524 trials fromn = 5
sessions) and after (right, n = 4882 trials from n = 7 sessions) V1 lesion (n = 53 electrodes).
Black dots indicate RF centers of individual electrodes. C, Detection performance as in 4 for
Monkey F before (n = 1344 trials from 3 sessions) and after V/1 lesion (n = 206 trials from 1
session). D, V4 array RF asin B for Monkey F (n = 47 electrodes, n = 2193 and 4530 trials from
n = 3 and 6 sessions from before and after V1 lesion, respectively). White dot indicates RF
center of example electrode shown in E. E, MUA response from example electrode with large RF
coverage in Monkey F to stimuli close to vertical meridian (left, x = 0t0 1°,y = —3to —4°)
and horizontal meridian (right, x = 3t0 4°,y = — 210 0°) before and after /1 lesion. Shading
indicates SEM. F, Distribution of MUA responses to stimuli close to vertical meridian (left) and
horizontal meridian (right). Each dot indicates the average MUA response of a recording site
before and after V1 lesion. Color shading indicates p value of postlesion responses (Wilcoxon
signed rank test compared with prestimulus period). Solid gray lines indicate identical prelesion
and postlesion responses. ecc., Eccentricity.
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Figure 3. V4 MUA responses to scotoma stimuli show sensitivity for motion. A4, B,
Example MUA time courses for moving (blue) and static (green) gratings before (left) and
after (right) V1 lesion from Monkey B (A) and Monkey F (B). C, Distribution of responses to
moving and static gratings of all recording sites for scotoma (top row) and control (bottom
row) stimuli. Each dot represents the average MUA response of a recording site, before the
lesion (black symbols, left column; Monkey B: n = 7 sessions; Monkey F: n = 4 sessions)
or after (red symbols, right column; Monkey B: n = 3 sessions, 5-9 d after lesion; Monkey
F:n = 5sessions, 918 d after lesion). Insets, Magnified view of the gray box.

test) and from 8.4 = 0.87% before lesioning to 1.1 = 0.23%
after lesioning in Monkey F (n = 47 electrodes, p < 10 ).
Despite these greatly reduced activity levels in V1 after the V1
lesion, several sites continued to show significant MUA re-
sponses to visual stimuli presented to the scotoma (e.g., see
Fig. 2E): 26 of 43 and 33 of 46 electrodes in Monkey B and F,
respectively, remained responsive to visual stimulation close
to the horizontal meridian (p < 0.05, Wilcoxon signed rank
test compared with baseline). In contrast, for stimuli close to
the vertical meridian (the control region outside the scotoma),
virtually all recording sites remained responsive (39 of 39 elec-
trodes in Monkey B, 42 of 47 in Monkey F).
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Figure 4.  V1-independent tuning for direction of motion in V4. A, MUA time courses (left
column) and tuning profile (right column) from example sessions before (top row) and after
(bottom row) V1 lesion of Monkey F. Tuning is quantified by taking the d’ value between the
maximum (blue) and minimum (green) MUA response. Error bars indicate SEM. B, Smoothed
histograms of d" values for direction of motion tuning from all responsive recording sites and
sessions before (gray, Monkey B: n = 5 sessions, Monkey F: n = 3 sessions) and after (red,
Monkey B: n = 4 sessions, Monkey F: n = 11 sessions) the V1 lesion for scotoma or control
stimuli. Larger symbols indicate mean values. n.s. indicates a difference not significant at p <
0.05 (Mann—Whitney U test).

Motion sensitivity of residual neuronal responses to scotoma
restricted stimuli

The residual responses to stimuli in the lesion-affected visual
space demonstrate V1-independent transmission of visual infor-
mation to area V4. To further characterize the nature of these
responses with respect to the preserved motion detection that
characterizes the phenomenon of blindsight after V1 injury (Zeki
and Ffytche, 1998), we assessed the extent of neural motion sen-
sitivity in our V4 sample. In a first step, we compared V4 re-
sponses to moving versus static gratings (Fig. 3). After the lesion,
almost all of the recording sites with residual neuronal responses
(MUA > 0.05% and p < 0.05 Wilcoxon signed rank test against
prestimulus period) of both monkeys revealed a preference for
moving gratings (Fig. 3C, top right; Monkey B: p < 0.04, n = 11
sites; Monkey F: p < 0.0012, n = 18 sites, Wilcoxon signed rank
test), indicating a residual sensitivity of V1-deafferented V4 neu-
rons for visual motion.

To test whether V4’s preference for moving stimuli after le-
sioning V1 includes directional tuning, we analyzed spiking re-
sponses to random dot patterns that coherently moved in one of
four different directions of motion (Fig. 4). Before the V1 lesion,
16 0f 190 (8.4%) and 11 of 106 (10.4%) recordings from respon-
sive sites (MUA > 1% and p < 0.05, Wilcoxon signed rank test)
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in Monkey B and Monkey F, respectively, showed significant
(p < 0.05, trial label shuffling test, see Materials and Methods)
tuning for direction of motion (Fig. 4A, top). Surprisingly, sig-
nificant directional tuning could also be observed after V1 re-
moval (Fig. 4A, bottom). Indeed, the number of significantly
motion-tuned V4 sites increased, resulting in 19 of 81 (23.5%)
and 30 of 129 (23.3%) significantly tuned recordings in Monkey
B and Monkey F, respectively. To further quantify the tuning
strength, we calculated d’ between the multiunit responses of the
preferred and the least preferred stimulus (Fig. 4A). In both mon-
keys, d’ for motion direction increased after the V1 lesion (Fig.
4B, Mann—Whitney U test), yet only for the scotoma-directed
stimuli and not for the control stimuli (Fig. 4B), thus highlighting
the dependence on absent V1 input for this effect.

Discussion

Our results demonstrate visually driven V4 neuronal responses in
the absence of V1 input, which are sensitive for stimulus motion.
We discuss these findings in the context of V4’s role in motion
processing, the pathways that may contribute to V1-independent
visual functions, and the implications for blindsight.

Motion processing in V4: dependence on V1 input

and plasticity

V4 neurons have been implicated in a wide range of stimulus
features, including orientation, color, shape, and motion (Roe et
al., 2012). In our experiments, we have assessed motion sensitiv-
ity in V4 with and without V1 input. With respect to the strength
of motion selectivity, our measures with V1 intact are at the lower
end of the reported effects for V4 (Desimone and Schein, 1987;
Ferrera et al., 1994; Tolias et al., 2005). However, as recent data
from optical imaging suggest a modular organization of V4 with
discreet patches of cortex dedicated to motion tuning (Li et al.,
2013), it is conceivable that our electrode arrays may have under-
sampled these patches. Such a potential bias notwithstanding, we
used a longitudinal recording approach, which permitted us to
sample from the same cortical tissue at multiple time points be-
fore and after lesioning V1. We found increased directional selec-
tivity in both the number of tuned electrode sites as well as in the
d’ values (Fig. 4B) when there was no input from V1 to V4. It is
possible that this increased sensitivity is the result of local un-
masking: the balance of neurons that are interconnected via in-
hibitory synapses but are tuned to different stimulus features due
to diverse inputs might have shifted toward motion processing
after the V1 lesion. As this plastic process may take some time to
take effect, it could explain the differences between previous elec-
trophysiological assessments of V4 activity during V1 cooling
(Girard et al., 1991) and the ones by fMRI under chronic lesion
conditions (Baseler et al., 1999; Goebel et al., 2001; Schmid et al.,
2010).

V1-independent pathways to V4

The observation of V1-independent responses to visual stimuli in
area V4 implies a subcortical pathway that bypasses V1 and relays
information from the retina to visual association cortex. The su-
perior colliculus, which receives direct retinal input and whose
neurons exhibit motion sensitivity (Marrocco and Li, 1977), is a
likely contributor to such a pathway projecting directly to the
visual thalamus (Harting et al., 1991). This projection is often
considered to be a component of one or more secondary visual
pathways that circumvent V1 to reach extrastriate cortex, includ-
ing areas V4 and V5/MT, via relays in LGN and pulvinar
(Benevento and Rezak, 1976; Benevento and Yoshida, 1981; Ly-
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sakowski et al., 1988; Rodman et al., 2001). Although the role of
the pulvinar for V1-independent processing remains uncertain,
the superior colliculus and LGN have been demonstrated to be
critical structures for mediating blindsight-related effects
(Mohler and Wurtz, 1977; Rodman et al., 1990; Schmid et al.,
2010; Kato et al., 2011). Alternatively, or more likely in addition
to the direct subcortical route to V4, intracortical projections
from motion-sensitive area V5/MT to V4 may contribute to the
effects we observed (Maunsell and van Essen, 1983). It is attrac-
tive to implicate V5/MT in mediating the responses we observed
in V4 due to the robust input V5/MT receives from the LGN
(Sincich et al., 2004), as well as MT’s prominent motion sensitiv-
ity (Albright et al., 1984). Input from higher areas other than
V5/MT remains also a viable option for contributing to our ob-
servations in V4.

Implications for blindsight

The term “blindsight” was coined by Weiskrantz and colleagues
to describe visual capacities that survive V1 injury that exist in the
absence of conscious visual experience (Cowey, 2010). A promi-
nent feature of blindsight in both humans and monkeys is the
ability to detect moving stimuli (Zeki and Ffytche, 1998). Typi-
cally, the preserved sensitivity for motion in blindsight has been
associated with area V5/MT because of this area’s high propor-
tion of motion-selective neurons (Albright et al., 1984) and be-
cause of several reports of preserved brain activity in MT after V1
damage (Rodman et al., 1989; Zeki and Ffytche, 1998; Azzopardi
et al., 2003). The remarkable motion capacities that survive V1
injury are, however, in strong contrast with the deteriorating
deficits of a V1 lesion with respect to color or shape judgments
(Cowey, 2010), functions that are typically associated with the
cortical ventral stream, including area V4 (Roe et al.,, 2012).
Whereas for the present data the monkeys’ V1-independent de-
tection capacities remain unclear, our electrophysiological re-
sults appear to be in good agreement with the general phenotype
of blindsight.

Together, our findings lend neurophysiological support for
previous observations made by fMRI of extrastriate visual re-
sponses after V1 damage (Baseler et al., 1999; Goebel et al., 2001;
Schmid et al., 2010): V4 spiking can be visually driven in the
absence of V1 input.
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