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a b s t r a c t

Binocular rivalry is a fascinating perceptual phenomenon that has been characterized extensively at the
psychophysical level. However, the underlying neural mechanism remains poorly understood. In partic-
ular, the role of the early visual pathway remains controversial. In this study, we used voltage-sensitive
dye imaging to measure the spatiotemporal activity patterns in cat area 18 evoked by dichoptic orthog-
onal grating stimuli. We found that after several seconds of monocular stimulation with an oriented grat-
ing, an orthogonal stimulus to the other eye evoked a reversal of the cortical response pattern, which may
contribute to flash suppression in perception. Furthermore, after several seconds of rival binocular
stimulation with unequal contrasts, transient increase in the contrast of the weak stimulus evoked a
long-lasting cortical response. This transient-triggered response could contribute to the perceptual
switch during binocular rivalry. Together, these results point to a significant contribution of early visual
cortex to transient-triggered switch in perceptual dominance.

� 2009 Elsevier Inc. All rights reserved.
In binocular rivalry, only one image is perceived when the two
eyes view conflicting images, and perception alternates stochasti-
cally between the two images [1,2]. For example, when two grat-
ings at orthogonal orientations are presented to the two eyes,
each grating is perceived in turn, but a plaid consisting of both
gratings is rarely perceived. This powerful perceptual phenomenon
has been known for several centuries [3]. Since the perceptual
switch can occur without any change in the visual input, it pro-
vides a unique opportunity for studying the neural correlate of per-
ception and awareness.

Although binocular rivalry has been characterized extensively
in psychophysical experiments, its underlying neural mechanism
remains unclear. A key question is which brain regions play the
primary role in determining the perceptual state. Human fMRI
studies demonstrated strong correlations between V1 activity
and the perceptual fluctuations of the observer [4–7], suggesting
an important role of the early visual pathway. However, single-unit
recordings from non-human primates strongly supported the roles
of higher-order brain areas: while very few V1 neurons exhibited
firing patterns that are correlated with the perceptual dominance,
the activity of most neurons in the inferior temporal cortex corre-
sponded to perception [8,9]. A major difficulty in resolving the dis-
crepancy between these studies resides in the differences in both
the nature of the recorded signal (blood-oxygen level vs. spike
ll rights reserved.
rate) and the spatial scale of the measurement (several mm3 of
brain tissue vs. single neurons). To assess the role of a given brain
area in binocular rivalry, it is important to measure the electrical
activity of large neuronal populations.

In this study, we used voltage-sensitive-dye (VSD) imaging to
measure the spatiotemporal activity patterns in cat visual cortex
evoked by binocular stimuli. In particular, we focused on the effect
of abrupt visual stimuli. Abrupt stimuli are known to be effective in
triggering perceptual switches [10–14]. Human fMRI studies have
also shown that stimulus transients can reliably trigger activity
switches in V1 [4] independent of attention or conscious percep-
tion [15], making them well suited for studies in anesthetized ani-
mals. In a series of VSD imaging experiments, we found that
monocular transients exert long-lasting impact on cortical re-
sponses, which may contribute to transient-triggered perceptual
switches in binocular rivalry.

Materials and methods

Animal preparation. Adult cats (1.9–3.1 kg) were initially anes-
thetized with ketamine hydrochloride (30 mg/kg, i.m.) and main-
tained with urethane (15 mg/kg/hr, i.v., supplemented as needed).
Lidocaine was injected before all incisions. Tracheostomy was
made before the cat was moved to a stereotaxic frame (NARISH-
IGE). To minimize brain movement, suspension of lumbar verte-
brae and pneumothorax were performed. Craniotomy
(4 � 5 mm2) was made over area 18, and the underlying dura re-
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moved. Pupils were dilated (1% atropine sulfate) and nictitating
membranes retracted (5% neosynephrine). The cat was paralyzed
with Gallamine Triethiodide (10 mg/kg/hr, i.v.) and artificially
ventilated. End-expiratory CO2 was maintained at 4–5%, core
body temperature at 38–38.5 �C, and ECG and EEG were moni-
tored continuously. Eyes were refracted, fitted with contact
lenses, and focused on the monitors. The animal use protocol
was approved by Animal Use Committee of Shanghai Institutes
for Biological Sciences, Chinese Academy of Sciences. A total of
8 cats were used.

Visual stimulation. Visual stimuli were created with a PC con-
taining a graphics card (NVIDIA Ti 4600, frame rate: 100 Hz). Stim-
uli for the two eyes were displayed on two CRT monitors (mean
luminance: 30 cd/m2) and projected to the two eyes by a Wheat-
stone stereoscope. Full-field (36 � 28�) horizontal and vertical
drifting square-wave gratings (spatial frequency: 0.15 cycles/�,
temporal frequency: 3 Hz) were used.

VSD imaging. Voltage-sensitive dye RH1691 was dissolved in
aCSF (1.2 mg/ml) and topically applied to the cortex for 3–5 h.
The cortex was then washed with aCSF for 0.5 h and covered with
a sealed chamber filled with silicon oil. Fluorescence signals were
collected with a CCD camera (Quantix 0206, Roper Scientific Inc.,
383 � 288 pixels, 22 lm/pixel) mounted on a macroscope
(LIGHT02, Optical Imaging Inc; magnification 1.6). Light from an
LED source (1 W; center wavelength, 630 nm) was filtered by a
630 ± 20 nm filter and reflected down onto the cortex by a
650 nm dichroic mirror. Signals were filtered with a 665 nm
long-pass filter. Images were acquired with custom-written soft-
ware at 20 or 40 ms/frame. In each trial (4–7 s, synchronized with
artificial ventilator), VSD signals were collected for 320 ms before
stimulus onset to obtain F0(x,y). To measure the orientation tem-
plate, recording was made for 500–1000 ms under binocular stim-
ulation. Recording trials with different stimulus configurations
Fig. 1. Cortical responses to flash suppression stimuli. (A) Definition of horizontal templa
(left) and vertical (middle) gratings, and the difference between them (right). Scale bar, 2
for flash suppression. L/R, stimulus to left/right eye. Arrowhead, onset of second gratin
shown in 60 ms intervals. Arrowhead, onset time of second grating. Responses within e
averaged from the period before (�) and 520–1060 ms after (��) onset of second stimul
region to facilitate comparison between �, ��, and horizontal template. (E) CC between ea
shown in (C). Arrowhead and vertical dashed line indicate onset of second grating. (F) C
(e.g., RVLH and RHLV, Fig. 1B) were interleaved at a random se-
quence, with 25 s between consecutive trials.

Data analysis. All analyses were performed in Matlab. We calcu-
lated DF/F as (F(x,y, t) � F0(x,y))/F0(x,y), where F(x,y, t) represents
the fluorescence signal at location x, y and time t, and F0 represents
the spatial pattern averaged over the 320 ms before stimulus on-
set. We then applied a 2D spatial filter (boxcar, 275 � 275 lm) to
the image in each frame. To reduce the noise due to heart beat
and respiration, we performed principal component analysis
(PCA) on the images collected in each recording trial. We found
that the few principal components (PCs) with the largest eigen-
values generally corresponded to blood vessel patterns, indicating
that they reflected heartbeat and respiratory noise. Thus, we sub-
tracted the top 5–8 PCs from each image before further analysis.
For each experiment, data from 3 to 20 trials were averaged.

Results

We used VSD imaging to measure the spatiotemporal activity
patterns in area 18 of anesthetized adult cat (Materials and meth-
ods). To measure the orientation map, drifting gratings at the same
orientation and spatiotemporal frequency were presented to both
eyes. The ‘‘horizontal template” was computed as the time-aver-
aged response to the horizontal grating minus that to the vertical
grating (Fig. 1A), which was used as a spatial template for analyz-
ing the cortical responses to other binocular stimuli.

Cortical responses during flash suppression

In the first set of experiments, we measured the cortical re-
sponses to stimuli known to induce flash suppression, in which per-
ception of a monocular stimulus is suppressed by flash of a different
stimulus to the other eye [11]. As illustrated in Fig. 1B, the vertical
te. Shown are time-averaged VSD responses to binocular presentations of horizontal
mm. Scale for DF/F is shown on the right. (B) Schematic illustration of visual stimuli
g. (C) Difference response (RRVLH � RRHLV + RLVRH � RLHRV) averaged from 10 trials,
ach box (� and ��) were averaged and shown in (D). (D) Spatial response patterns
us. Horizontal template (left) is the same as in (A). White box delineates a cortical
ch frame of the difference response and the horizontal template for the experiment
C averaged from 37 experiments in 9 hemispheres. Error bars: ±sem.
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grating was presented to the right eye for 2–5 s before the horizon-
tal grating was presented to the left eye (referred to as ‘‘RVLH”,
upper panel), or the horizontal grating was presented to the right
eye before the vertical grating was presented to the left eye
(‘‘RHLV”, lower panel). Two other configurations (‘‘LVRH” and
‘‘LHRV”) were similarly defined. To determine the relative strengths
of the cortical responses to the horizontal and vertical stimuli, we
computed their difference as RRVLH� RRHLV + RLVRH� RLHRV (R repre-
sents cortical response). As expected, this difference response was
approximately the inverse of the horizontal template before onset
of the second grating (Fig. 1C, before open arrowhead), since it re-
flected the monocular response to the vertical grating minus that
to the horizontal grating. The onset of the second grating, however,
triggered a reversal of the activity pattern over a period of �60 ms,
and the difference response became similar to the horizontal tem-
plate. The reversal of the map can also be seen clearly in the cortical
responses averaged over the period before (�) and 520–1060 ms
after (��) onset of the second grating (Fig. 1D).

To quantify the similarity between the difference response and
the horizontal template, we computed the correlation coefficient
(CC) between each frame of the response and the template. As
shown in Fig. 1E, CC was negative during monocular stimulation,
but rapidly switched to positive values after onset of the second
grating. The population summary (Fig. 1F) exhibited a similar time
course. Since at t > 0, the horizontal and vertical gratings were
present at equal contrast, the resemblance of the difference re-
sponse to the horizontal template indicates that prior monocular
exposure to the vertical grating caused a strong bias of the cortical
response toward the horizontal stimulus. Such an effect could con-
tribute to flash suppression in visual perception [11].
Fig. 2. Cortical responses to monocular transient embedded in constant binocular stimul
transient. (B) Example experiment in which the transient triggered a long-lasting reve
shown in 60 ms intervals. (C) Response pattern at peak of transient-evoked response
horizontal template and �, the scale for DF/F is the same as (B). White box delineates a co
between each frame of difference response and horizontal template for the experiment in
(E–G) Similar to (B–D), for an experiment in which monocular transient did not trigger a l
14 trials.
Monocular transient embedded in constant binocular stimuli

Previous studies showed that when two orthogonal stimuli
with unequal contrasts are presented to separate eyes, perception
is often dominated by the stimulus with higher contrast [16].
However, a transient increase in the contrast of the weak stimu-
lus can trigger a perceptual switch, and the latter stimulus is
perceived even after its contrast returns to the initial low value
[10,12,13]. Functional MRI studies in human subjects also showed
that the transient contrast increase can trigger a change in V1
activity consistent with the perceptual switch [4,15]. We thus
used VSD imaging to measure the cortical response to a monocu-
lar transient embedded in constant binocular stimuli with un-
equal contrasts.

The stimulus sequence is illustrated in Fig. 2A. The horizontal
and vertical gratings were presented to the two eyes at unequal
contrasts (Chigh and Clow). After 2–5 s, contrast of the weak stimulus
was transiently elevated (for 200 ms) to 100% before it was re-
turned to the original level (Clow). As shown in the example exper-
iment in Fig. 2B (Chigh = 70%, Clow = 10%, transient was presented 5 s
after onset of the binocular stimuli), the initial cortical response
was approximately the inverse of the horizontal template, but
the transient elevation of Clow to 100% evoked a strong cortical re-
sponse resembling the horizontal template. Interestingly, even
after the contrast of this grating was returned to 10%, the response
pattern continued to resemble the horizontal template (Fig. 2C, ��),
indicating a long-lasting dominance by the horizontal stimulus. As
shown in Fig. 2D, the CC between each frame of the response and
the horizontal template remains at a positive value throughout the
recording period (up to 1 s after the transient).
i. (A) Schematic illustration of visual stimuli. Open/filled arrowheads: onset/offset of
rsal of cortical response pattern. Difference response was averaged from 10 trials,
(�) and that averaged over 480–1020 ms after transient onset (��, box in B). For
rtical region to facilitate comparison between �, ��, and horizontal template. (D) CC
(B). Only 2/8 experiments (in 1/4 hemispheres) showed such a long-lasting reversal.
ong-lasting reversal of response pattern. The difference response was averaged from



Fig. 3. Contribution of monocular transient to cortical response. (A) Example experiment using the stimuli in Fig. 2A. Difference response was averaged from 20 trials, shown
in 80 ms intervals. Each frame of the response was subtracted by the mean response before transient onset. Open/filled arrowheads: transient onset/offset. (B) Horizontal
template and response pattern averaged over 880–1280 ms after transient onset (�, rectangular box in A). White box delineates a cortical region to facilitate comparison
between � and horizontal template. (C) CC between each frame in (A) and horizontal template. Horizontal gray line, mean CC 520–1000 ms after transient onset. (D) CC
averaged from 7 experiments (in 3 hemispheres) with Chigh/Clow = 3.5 to 7 and transient presented 2–3 s after onset of binocular stimuli. Error bars: ±sem. (E) Mean CC 520–
1000 ms after transient onset (horizontal gray line in (C)) plotted against Chigh/Clow. The correlation between mean CC and Chigh/Clow was significant (p < 0.02).
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However, such a long-lasting reversal of the cortical response
was not triggered reliably by the high-contrast transient. As shown
in another experiment in Fig. 2E, the transient evoked a brief re-
sponse (�300 ms), but the activity pattern soon reverted back to
the inverse of the horizontal template (Fig. 2F, ��). This is reflected
by the negative CC values following the positive peak (Fig. 2G).
With Chigh = 70%, Clow = 10% or 20%, and the transient presented
5 s after onset of the binocular stimuli, the transient evoked a
long-lasting dominance by the horizontal stimulus (>1 s) in only
2/8 experiments.

Although the transient did not consistently induce a long-lasting
switch of the response pattern, it exerted a persistent impact on the
cortical response. Since the binocular stimuli (vertical grating at Chigh

and horizontal grating at Clow) were identical before and after the
200 ms transient (Fig. 2A), the contribution of the transient to the
cortical response can be isolated by subtracting the VSD signals prior
to the transient. As shown in the example experiment in Fig. 3A
(Chigh = 70%, Clow = 10%, transient presented 3 s after binocular stim-
ulus onset), although the signal became much weaker�500 ms after
the transient onset, a spatial pattern similar to the horizontal tem-
plate was detectable throughout the stimulus sequence (Fig. 3B, �).
Fig. 3C shows the time course of CC between the subtracted response
and the horizontal template, which exhibited a strong peak induced
by the transient, followed by a positive plateau lasting throughout
the stimulus sequence (1200 ms after transient onset). The average
result from 7 experiments (Chigh = 70%, Clow = 10% or 20%, transient
presented 2–3 s after binocular stimulus onset) showed a similar
time course (Fig. 3D). When the ratio between Chigh and Clow was var-
ied over a range of values, we found that the long-lasting effect of the
transient (measured by CC at 520–1000 ms after transient onset,
gray horizontal line in Fig. 3C) was positively correlated with the
Chigh/Clow ratio (Fig. 3E, p < 0.02). This dependence on the contrast ra-
tio suggests that the long-lasting effect of the transient depends on
differential adaptation of the cortical neurons preferring the hori-
zontal and vertical gratings.
Transient following monocular stimulation

While the long-lasting response to the transient (Fig. 3) was not
always strong enough to override the unequal contrasts of the bin-
ocular stimuli to cause the reversal of the response pattern
(Fig. 2E–G), the dependence of the effect on Chigh/Clow (Fig. 3E) sug-
gests that one way to strengthen the impact of the transient is to
further reduce the cortical adaptation to the low-contrast stimulus
prior to the transient. We thus modified the stimulus sequence
shown in Fig. 2A by removing the low-contrast stimulus prior to
the transient (Fig. 4A). As shown in Fig. 4B, the cortical response
pattern was approximately the inverse of the horizontal template
before onset of the transient stimulus. Onset of the second grating
at 100% contrast (duration 200 ms) evoked a strong cortical re-
sponse resembling the horizontal template. Importantly, even after
the contrast of the second grating was reduced to 28% (filled
arrowhead), the response continued to resemble the horizontal
template, albeit at a reduced amplitude. The CC between the hori-
zontal template and each frame of the response was negative be-
fore the onset of the horizontal grating, exhibited a strong
positive peak between �80 and 400 ms after transient onset, and
remained at a lower positive value throughout the rest of the trial
(Fig. 4C). The result averaged from 4 experiments (Chigh = 70%,
Clow = 28% or 40%, transient presented 4–5 s after monocular stim-
ulus onset) showed a similar time course (Fig. 4D). Thus, eliminat-
ing the low-contrast stimulus prior to the transient significantly
enhanced the impact of the transient, allowing it to trigger a
long-lasting reversal of the cortical response pattern.

Discussion

In this study, we used VSD imaging to measure the spatiotem-
poral patterns of cortical activity evoked by binocular stimuli at
orthogonal orientations. In particular, we have examined the ef-
fects of transient stimuli on triggering switches in the response



Fig. 4. Cortical responses to binocular stimuli following monocular adaptation. (A) Schematic illustration of visual stimuli. Open/filled arrowheads: transient onset/offset. (B)
Example experiment (Chigh = 70%, Clow = 28%, transient presented 4 s after onset of first stimulus). Difference response was averaged from 12 trials, shown in 80 ms intervals.
Inset below, horizontal template and response pattern averaged over 880–1280 ms after transient onset. (C) CC between each frame of the difference response and horizontal
template for the experiment in (B). (D) CC averaged from 4 experiments in 2 hemispheres. Error bars: ±sem.
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pattern. In the first set of experiments, we measured the cortical
responses to stimuli known to induce flash suppression [11]. We
found that exposure to an oriented monocular stimulus for several
seconds significantly biased the cortical response to its orthogonal
stimulus when the two stimuli are presented at the same contrast
(Fig. 1). This effect was highly robust, consistent with the fact that
flash suppression is a very strong perceptual phenomenon. Mech-
anistically, the bias of the cortical response toward the second
stimulus is likely to be mediated by pattern-specific adaptation
[17], which selectively reduces the responses of the cortical neu-
rons preferring the first stimulus. Such an adaptation effect may
also explain the finding from a previous study, in which suppres-
sion of the neuronal response to a preferred monocular stimulus
by a non-preferred stimulus presented to the other eye is effective
only if the preferred stimulus is presented first [18,19].

In the second set of experiments, we tested the effect of a tran-
sient increase in the contrast of the weak input. We found that the
impact of the transient on the cortical response persisted for >1 s
(Fig. 3). Such a long-lasting impact may partly underlie the effec-
tiveness of transients in triggering perceptual switches
[4,10,12,13,15]. Psychophysical and fMRI studies indicate that the
representations of the perceptually suppressed stimuli are not
completely suppressed at the neuronal level [20–24]. Thus, we
would expect significant cortical representation of the high-con-
trast stimulus even when perception is dominated by the low-con-
trast stimulus after the transient-triggered switch. The question is
whether the transient could override the effect of unequal con-
trasts of the rival stimuli and cause a long-lasting reversal of the
response pattern. In some cases, the reversal was indeed observed
(Fig. 2B–D), which could directly support transient-triggered per-
ceptual switch [4,13,15]. However, the reversal was not observed
in other experiments (Fig. 2E–G), which may be partly attributable
to the variability in the anesthesia state of individual animals.
Another possibility is that the cortical activity measured by VSD
imaging is biased, since both the staining and recording are
restricted to the superficial layers, and the VSD signals represent
a mixture of subthreshold and suprathreshold activity. Finally, res-
olution of the binocular conflict is likely to involve multiple stages
of cortical processing [1,25,26]. The long-lasting effect of the tran-
sient may be progressively amplified in higher cortical areas. As
shown in Fig. 4, reducing prior adaptation to the low-contrast
stimulus can also enhance the effect of the transient and thereby
allow consistent reversal of the cortical response pattern.

In summary, we have shown that abrupt visual stimuli can ex-
ert long-lasting impact on neuronal activity in the early visual
pathway. These effects can strongly bias the competitive interac-
tion between the stimuli presented to the two eyes that is known
to be important in binocular rivalry. Although perceptual switches
often occur spontaneously without externally imposed stimulus
transients, some of these switches may in fact be triggered by
the transients caused by involuntary eye movements [27]. Thus,
characterization of cortical responses to transient visual stimuli
is likely to be a key step in understanding the neural mechanisms
underlying binocular rivalry.
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