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Cortical area MIT
and the perception
of stereoscopic depth
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Stereopsis is the perception of depth based on small positional
differences between images formed on the two retinae (known as
binocular disparity). Neurons that respond selectively to binocu-
lar disparity were first described three decades ago'?, and have
since been observed in many visual areas of the primate brain,
including V1, V2, V3, MT and MST’"®. Although disparity-selec-
tive neurons are thought to form the neural substrate for stereop-
sis, the mere existence of disparity-selective neurons does not
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guarantee that they contribute to stereoscopic depth perception.
Some disparity-selective neurons may play other roles, such as
guiding vergence eye movements™'’. Thus, the roles of different
visual areas in stereopsis remain poorly defined. Here we show
that visual area MT is important in stereoscopic vision: electrical
stimulation of clusters of disparity-selective MT neurons can bias
perceptual judgements of depth, and the bias is predictable from
the disparity preference of neurons at the stimulation site. These
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Figure 1 MT neurons are clustered according to disparity selectivity. a, Filled
circles show multiunit (MU) responses to a drifting random-dot pattern; each
datum is the mean of four responses *=1s.e. The solid curve is a cubic spline
interpolation. Filled circles labelled ‘L’ and ‘R’ denote multiunit responses to the
same visual stimulus presented monocularly to either the left or the right eye,
respectively. The solid horizontal line gives the multiunit response in the absence
of a visual stimulus (spontaneous activity). Open circles and the dashed curve
show responses of an isolated single unit (SU) recorded simultaneously. The
dashed horizontal line gives the spontaneous activity level of the single unit. b,
Sequence of disparity-tuning curves recorded at 100 um intervals along an
electrode penetration through MT in monkey S. Standard error bars are generally
hidden by the data points. Curves are cubic spline interpolations, and dashed
lines represent the spontaneous activity level. Height of scale bar is 400 events
per second. Multiunit responses from site 5 (marked by an asterisk) are the same
data shown in a.
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results show that behaviourally relevant signals concerning
stereoscopic depth are present in MT.

The middle temporal visual area (MT or V5) is important in
motion perception''. Most MT neurons are directionally selective,
and these neurons are organized into a system of direction columns
such that neurons in a particular column respond optimally to a
specific direction of motion'?. Electrical microstimulation of a column
of MT neurons can bias perceptual judgements of motion direction
towards the direction encoded by the stimulated neurons'>"*. We have
observed, however, that clusters of neighbouring MT neurons also
respond optimally to a common range of preferred binocular
disparities”®. Figure la, for example, illustrates disparity tuning
for a single unit and for a multiunit cluster, measured simulta-
neously from a single microelectrode. Action potentials from the
single unit were excluded from the multiunit response, thus ensur-
ing that the multiunit activity arose from several other nearby single
units. The multiunit response is strongly tuned for disparity,
indicating that its constituent single units have a similar disparity
preference. This conclusion is further supported by the close
agreement in shape between the multiunit and single-unit tuning
curves; this correspondence is typical of most of our recordings in
MT. Roughly half of the multiunit recording sites in MT showed
strong disparity tuning (disparity-tuning index > 0.5; see Meth-
ods). When multiunit clusters were unselective for disparity, simul-
taneously recorded single units were generally unselective as well,
eliminating the possibility that weak multiunit tuning results from
combinations of single units tuned to widely different disparities.

"Far" target c
P RF

Fix.
point@

o
"Near" target

b ) .
— L — Fix. point

— I L — Dots

— I T L—— Microstim
— L Targets
Time —

Left eye

Right eye
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Figure 2 Depth-discrimination task. a, Spatial arrangement of fixation point,
visual stimulus and response targets. A random-dot pattern was presented within
a circular aperture that was roughly the same size as the multiunit receptive field
(RF; shaded circle). Filled dots denote the image shown to the left eye, and
unfilled dots indicate the image shown to the right eye. Half of the dots are shown
paired with a fixed disparity (‘signal’, dots), and the remaining dots have random
horizontal disparities (‘noise’ dots). b, Sequence of trial events. The fixation point
appeared first, and the monkey was required to maintain fixation within a =1.5°
window throughout the trial. After fixation, the random-dot pattern appeared for 1
second. In half the trials, selected randomly, microstimulation was applied
concurrently with the dots. Subsequently, fixation point, visual stimulus and
microstimulation were turned off, and two small target disks appeared. The
monkey made a saccadic eye movement to the upper target to indicate a far
stimulus, or to the lower target to indicate a near stimulus. ¢, Top-down view of the
visual stimulus. In each trial, signal dots appeared at one of two fixed disparities,
one near and one far (short horizontal line segments). One disparity (far in this
example) was chosen to be optimal for the recorded neurons; the other disparity
was chosen to be non-optimal. Here, the visual stimulus consists of 50% signal
dots and 50% noise dots. Signal and noise dots moved with a velocity (direction
and speed) that was optimal for the neurons at the electrode tip. Dots situated
along the plane of fixation (long horizontal line) were stationary and provided a
zero-disparity background.
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Figure 1b shows a sequence of disparity-tuning curves measured
at 100-pm intervals along an oblique electrode penetration through
MT. At recording sites 1 and 2, the multiunit activity was well tuned,
with a preference for zero disparity. At site 3, there was a transition
to broader tuning with a strong preference for far (positive)
disparities over near disparities. This pattern was maintained over
a span of about 300 pm (sites 3—6), after which the disparity tuning
gradually became weaker, from site 7 to site 9. In other penetrations,
regions of poor disparity tuning could span 1 mm or more, and were
usually followed by regions of strong tuning. Thus, strongly
disparity-tuned neurons are found within discrete patches in MT.
The presence of extended regions of similar disparity tuning, such as
sites 3—6 in Fig. 1b, is reminiscent of the well-known clustering of
MT neurons by preferred direction, which we have exploited in
previous microstimulation studies'”. We therefore tested the role of
MT in depth perception by applying electrical stimulation to
disparity-tuned sites while two monkeys performed a stereoscopic
depth-discrimination task. To activate a cluster of MT neurons with
similar tuning, we applied stimulation to sites in which multiunit
disparity tuning remained fairly constant over at least 200—300 pm
(for example, sites 3—6 in Fig. 1b).

Figure 2 illustrates the depth-discrimination task. Monkeys
viewed a random-dot visual display in which a fraction of the
dots carried a consistent depth signal (‘signal’ dots), whereas the
remaining dots were randomly scattered in depth (‘noise’ dots). In
each trial, signal dots were presented at either a near or a far
disparity, one of which was chosen to be optimal for the MT
neurons recorded at the electrode tip. We chose other parameters
of the visual stimulus (location, size, direction and speed of motion)
to maximize the multiunit response. The monkey’s task was to
report seeing near or far depth by making a saccadic eye movement
to one of two small visual targets. We varied task difficulty by
adjusting the fraction of signal dots in the visual display (per cent
binocular correlation). If microstimulation augments the signal
carried by the stimulated neurons, and if these neurons provide
signals used by the monkey in performing the task, then micro-
stimulation should bias the monkey’s choices in favour of the
preferred disparity at the stimulation site. Importantly, the
monkey was always rewarded for correctly reporting the actual
depth of the signal dots, irrespective of the presence or absence of
microstimulation. Thus the reward contingencies always encour-
aged veridical performance.

Figure 3 shows the results from two experiments in which micro-
stimulation produced a bias toward the preferred disparity. Figure 3a
depicts the multiunit disparity-tuning curve for a stimulation site that
preferred far disparities, and the effect of microstimulation at this site
on the monkey’s psychophysical judgements is shown in Fig. 3b. At
almost every binocular correlation level, the monkey made more
‘preferred’ decisions in stimulated trials than in non-stimulated
trials. The net effect of this preferred disparity bias is a leftward shift
of the psychometric function, which we measured as the horizontal
offset between sigmoidal curves that were fitted to the data using
logistic regression. In this experiment, the shift was equivalent to
22.5% correlated dots, an average-sized effect for monkey R.

Figure 3¢ shows the disparity-tuning curve for a stimulation site
in monkey T that preferred near disparities. Again, microstimula-
tion biased the animal’s choices toward the preferred (near) dis-
parity of the stimulated neurons. The leftward shift of the
psychometric function was equivalent to 57.6% correlated dots
(Fig. 3d), the largest effect that we have observed so far.

Figure 4 summarizes results from 65 microstimulation experi-
ments performed in two monkeys. The scatter plot shows the size of
the microstimulation effect plotted against the disparity-tuning
index (DTI) of multiunit activity at each stimulation site. Positive
values on the ordinate correspond to leftward shifts of the psycho-
metric function, that is, shifts toward the preferred disparity of the
stimulated neurons. Filled symbols indicate statistically significant
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Figure 3 Microstimulation of MT biases depth judgements. a, Disparity tuning of
multiunit activity at a site in monkey R that prefers far disparities. Arrowheads
denote the two disparities used in the discrimination task. L and R denote
multiunit responses to the same visual stimulus presented monocularly to either
the left or the right eye, respectively. b, Effect of microstimulation on depth
judgements for the site depicted in a. The abscissa gives the percentage of
binocularly correlated dots (that s, the percentage of ‘signal’dots). Positive values
indicate that signal dots were presented at the preferred disparity; negative
values correspond to signal dots presented at the non-optimal disparity. The
ordinate shows the proportion of decisions made in favour of the preferred
disparity (10 trials per point). Filled and open circles correspond to trials with and
without microstimulation, respectively. The effect of microstimulation was highly
significant (logistic regression, P < 0.005). ¢, Disparity tuning of multiunit activity
at a near-tuned site in monkey T. d, Effect of microstimulation at the site for which
tuning is shown in ¢. This effect was also significant (P < 0.0001).

effects (logistic regression'®, P < 0.05), which occurred in 43 of 65
experiments. Among the significant effects, 42 of 43 were in the
direction predicted by the disparity tuning of the multiunit activity;
the one exception occurred at a site with weak disparity tuning. In
contrast, microstimulation had a significant effect on the slope of
the psychometric function in only 4 of 65 experiments. The mean
slope ratio (stimulation versus no stimulation) was 0.97, which is
not significantly different from 1.0 (#-test, t = — 0.68, P > 0.5,
N = 65).

The strength of the microstimulation effect was significantly
correlated with the DTI of the stimulated neurons (R = 0.44,
P < 0.001), with no significant difference between the two monkeys
(analysis of covariance, P = 0.08). Statistically significant micro-
stimulation effects were generally limited to sites with moderate to
strong disparity selectivity. This correlation is reassuring because it
provides an additional internal control for nonspecific effects of
microstimulation: the effects at weakly tuned sites should be small,
and they are.

In the experiments described above, dots always moved in the
preferred direction of the stimulated MT neurons. We also tested
whether the effects of microstimulation on depth judgements were
limited to moving stimuli. We trained monkey R to perform the
depth-discrimination task (Fig. 2) when all dots were stationary.
Thus, the only image motion on the retina would be that induced by
small eye movements made during fixation. We used stationary dots
to study 12 MT sites at which microstimulation produced a
significant effect when moving dots were used. For 9 of these 12
sites, microstimulation also produced a significant preferred bias
when using stationary dots; at the remaining 3 sites there was no
significant effect. The mean leftward shift of the psychometric
function across all 12 sites was 25.8% for moving dots and 27.9%
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Figure 4 Summary of microstimulation effects from 65 experiments using two
monkeys. The scatter plot shows the shift of the psychometric function plotted
against the disparity-tuning index of multiunit activity measured at each
stimulation site. Filled symbols denote significant effects (logistic regression,
P < 0.05). Triangles and circles indicate data from monkeys R and T, respectively.
The solid line shows the best linear fit to the data (linear regression). On the right,
the data are collapsed across the disparity-tuning index and plotted as a
histogram.

for stationary dots (P > 0.5; paired t-test). We also measured
disparity-tuning curves at these 12 sites using stationary dots. All
sites exhibited strong disparity selectivity for stationary dots (mean
DTIL, 0.93 for stationary and 0.70 for moving dots; P < 0.001, paired
t-test), although the peak response rate was generally smaller for
stationary dots (223 events per second) than for moving dots (371
events per second) (P < 0.001, paired #-test). Some of the response
to stationary dots seemed to be driven by small eye movements
during fixation. As these occur under natural viewing conditions,
MT neurons may normally be active during viewing of stationary
objects.

Our results show that the disparity signals carried by MT neurons
are an important part of the neural substrate for depth judgements
in our task. This finding establishes the first direct link between the
neural property of disparity selectivity and the perceptual capacity
for stereopsis, and complements the results of recent studies using
both psychophysics and physiology that found a role for MT in the
perception of depth from motion cues'”'®. Our results also show
that the role of MT in vision is not limited to analysis of moving
objects, because many MT neurons exhibit robust disparity tuning
in response to stationary random-dot patterns, and microstimula-
tion biases depth judgements of stationary dots. Although MT is
important in stereopsis under the conditions of our experiment,
this does not mean that all aspects of stereopsis depend on MT, nor
that any single aspect of stereopsis depends entirely on MT. In this
respect, it is interesting to note that a previous study, using a
substantially different stereo task, found no effect of MT lesions
on psychophysical performance”. Broadly based investigations,
combining a variety of perceptual tests with multiple physiological
probes of neural function, will be necessary to achieve a comprehensive
understanding of the neural basis of stereoscopic vision. O
Methods
Our methods for physiological recording and microstimulation in awake
monkeys have been described previously'>*. We used three rhesus monkeys,
two males and one female. During experimental sessions, the monkey was
seated in a primate chair with its head restrained, and eye position was
monitored using the scleral search coil technique®"*>. Two monkeys (R and
S) had eye coils implanted in both eyes, to allow monitoring of vergence eye
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movements. Systematic changes in vergence angle were not observed as a result
of any of the experimental manipulations described below. Tungsten micro-
electrodes (impedance typically 250—750kQ at 1 kHz) were inserted into the
cortex through a transdural guide tube, and event times were stored with 1-ms
resolution. Any deflection of the neural signal that exceeded a threshold level
was classified as a multiunit event using a bilevel window discriminator. Thus,
an increase in amplitude of the neural ‘hash’ was registered as an increase in
frequency of the multiunit activity, which we express in events per second. The
absolute frequency of the multiunit response depended on the level of the event
threshold and the frequency passband of the amplifier (which was fixed). We
attempted to adjust the threshold level to maintain a roughly constant
frequency of spontaneous activity from site to site within a penetration. In
some experiments (for example, that shown in Fig. la), well-isolated action
potentials were simultaneously recorded as single units using a template-based
spike discriminator. These spikes were excluded from the multiunit response by
setting the upper level of the window discriminator below the peak of the
spikes. In general, we found the multiunit response to be an excellent predictor
of the disparity tuning of single units that were recorded simultaneously at 43
sites in monkey S. Tuning curves constructed from multiunit responses also
agreed closely with those computed from the root-mean-square amplitude of
the local field potential (bandpass filtered from 20—-200 Hz). Monkeys received
a liquid reward for correct completion of each trial. Animal care and all
experimental procedures conformed to guidelines established by the National
Institutes of Health.

Disparity-tuning measurements. The monkey was simply required to
maintain fixation on a small spot while a moving random-dot pattern
appeared over the multiunit receptive field. Location, size and movement speed
of the random-dot pattern were tailored to the preference of the neurons at
each recording site. The dots were rendered in depth as red/green anaglyphs
viewed at a distance of 57 cm through red and green filters (Kodak Wratten
numbers 29 and 61, respectively). Outside the receptive field, the remainder of
the visual display (which subtended 30° X 23°) was filled with zero-disparity
dots, which were replotted randomly at 20 Hz to produce a flickering back-
ground. The zero-disparity background helped to maintain the monkey’s
vergence at the depth of the fixation point. The video display was refreshed
at 60 Hz.

In the experiment shown in Fig. 1b, disparity tuning was measured along an
oblique penetration through MT. We approached MT from the occipital lobe;
electrodes travelled caudal to rostral in a sagittal plane. The electrode trajectory
was tilted 20° away from horizontal. Thus, our electrode passed through MT at
an oblique angle, ranging from ~45-90° away from the normal. We recorded
multiunit activity at regularly spaced intervals of 100 pm. When possible, we
also isolated spikes from a single unit and recorded these on a separate channel
(Fig. 1a).

Disparity-tuning curves were fitted with a cubic spline interpolation. The

DTI was defined as: 1 — (R, — /(R — S), where R, is the maximum
fitted response, R, is the minimum fitted response, and S denotes sponta-
neous activity (in the absence of a visual stimulus). Large values of DTI (near
1.0) correspond to strong disparity tuning, and values near zero correspond to
weak tuning. For sites with significant disparity tuning (one-way analysis of
variance P < 0.05), the disparity at which the fitted curve reached a maximum
defined the preferred disparity.
Microstimulation experiments. We trained two monkeys (R and T) to
perform the depth-discrimination task shown in Fig. 2. To identify candidate
microstimulation sites, we searched for regions of MT where the disparity
tuning of multiunit activity was roughly constant over at least 200—300 pwm (for
example, sites 3—6 in Fig. 1b), and we positioned our electrode in the middle of
that region. Microstimulation parameters were similar to those used in
previous studies of motion discrimination'**. The stimulation train consisted
of 20-p.A biphasic pulses, each consisting of a 200-s cathodal pulse followed
by a 200- s anodal pulse, with a 100-ps interval in between. Visual stimuli were
presented stereoscopically by alternating left and right half-images at 100 Hz
while the monkey viewed the display through ferro-electric shutter glasses that
were synchronized to the video refresh. The random-dot stimulus was
displayed using the red gun on a standard RGB display, because the red
phosphor has the fastest decay time and allows the best stereo separation.
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Long-term potentiation (LTP) is a form of synaptic plasticity that
has been extensively studied as a putative mechanism underlying
learning and memory. A late phase of LTP occurring 3—5 hours
after stimulation and depending on transcription, protein
synthesis and cycliccAMP-dependent protein kinase (protein
kinase A, or PKA) has been described', but it is not known
whether transcription of presynaptic and/or postsynaptic genes
is required to support late-phase LTP. Here we show that late-
phase LTP can be obtained in rat hippocampal CA1 mini-slices
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