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Abstract

Response properties of MT neurons are often studied with “bikinetic” plaid stimuli, which
consist of two superimposed sine wave gratings moving in different directions. Oculomotor
studies using “unikinetic plaids” in which only one of the two superimposed gratings moves
suggest that the eyes first move reflexively in the direction of the moving grating and only later
converge on the perceived direction of the moving pattern. MT has been implicated as the source
of visual signals that drives these responses. We wanted to know whether stationary gratings,
which have little effect on MT cells when presented alone, would influence MT responses when
paired with a moving grating. We recorded extracellularly from neurons in area MT and
measured responses to stationary and moving gratings, and to their sums: bikinetic and unikinetic
plaids. As expected, stationary gratings presented alone had a very modest influence on the
activity of MT neurons. Responses to moving gratings and bikinetic plaids were similar to those
previously reported, and revealed cells selective for the motion of plaid patterns and of their
components (pattern and component cells). When these neurons were probed with unikinetic
plaids, pattern cells shifted their direction preferences in a way that revealed the influence of the
static grating. Component cell preferences shifted little or not at all. These results support the
notion that pattern selective neurons in area MT integrate component motions that differ widely

in speed, and that they do so in a way that is consistent with an intersection-of-constraints model.

New & Noteworthy: Human perceptual and eye movement responses to moving gratings are
influenced by adding a second, static grating to create a “unikinetic” plaid. Cells in MT do not
respond to static gratings, but those gratings still influence the direction selectivity of some MT
cells. The cells influenced by static gratings are those tuned for the motion of global patterns, but

not those tuned only for the individual components of moving targets.
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Introduction

Neurons in area MT respond selectively to the direction of visual motion (Dubner &
Zeki, 1971; Allman & Kaas, 1971), and integrate signals from direction-selective V1 neurons to
compute the two-dimensional motion of objects (Movshon et al., 1985; Movshon & Newsome,
1996; Simoncelli & Heeger, 1998). The specificity of neuronal responses is limited by what is
known as the “aperture problem” — if only a single oriented contour of a moving object is in the
receptive field (RF), the neuron can only signal motion orthogonal to the orientation of the
contour. Because V1 neurons are orientation selective, they respond to contours of a particular
orientation and therefore only measure the motion of individual oriented elements and not the
true motion of an object containing elements with several orientations. Recovering the velocity
of an object requires the integration of multiple moving contours, a process which seems to begin
at the level of MT neurons (Movshon et al., 1985; Rodman & Albright, 1987; Khawaja et al.
2009). Some MT neurons — component-direction-selective cells — respond to the individual
contour components in the stimulus. Others — pattern-direction-selective cells — respond to the
two-dimensional motion of the visual pattern (Movshon et al., 1985). Several models have been
proposed to account for this behavior of pattern selective neurons in response to two-dimensional
motion signals. One early model proposes that MT neurons compute the “intersection of
constraints” (IOC) established by local motion measurements (Adelson & Movshon, 1982;
Movshon et al., 1985). Each component of the moving pattern imposes a constraint on the
coherent motion of a pattern which can be represented by a line in velocity space. The
intersection of these constraint lines gives the motion of a coherent pattern and predicts the
direction tuning of pattern cells to plaid stimuli (Fig. 1A). The IOC framework is not a model of
the neural computation underlying pattern direction selectivity, but a neuronal model has been
formulated by Simoncelli and Heeger (1998), and fit to data in a modified form by Rust et al.
(2006) and by Nishimoto and Gallant (2011).

FIGURE 1 ABOUT HERE

Much work on the motion integration properties of MT neurons uses bikinetic plaids
made by adding two sinusoidal gratings with different orientations, each moving at the same
speed (e.g. Movshon et al., 1985; Pack & Born, 2001; Smith et al., 2005; Khawaja et al., 2009).
In these stimuli, the direction of the plaid always bisects the direction of the two components,

and so corresponds to the direction of their vector mean. By varying the relative speed of the two
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87  components, however, one can create plaids whose direction of motion deviates from this mean
88  vector, and in the particular case where one component is stationary, the predicted motion of the
89  resulting unikinetic plaid is parallel to the orientation of the stationary grating (Fig. 1B). This
90 case is of interest for models of neuronal integration, because static gratings usually evoke only
91  weak responses from motion sensitive neurons, but both the perceptual experience of motion and
92  the eye movements evoked by it correspond to this prediction (Dobkins, Stoner & Albright,
93  1998; Barthélemy et al. 2008; Quaia et al., 2016), even though the underlying neuronal
94  computation must integrate the motion of two distinct gratings, one moving and one static.
95 We wanted to know whether MT neuronal selectivity would be determined by the true
96  motion of these unikinetic patterns, so we explored this case in single neuron recordings from
97 area MT of macaque monkeys, both awake and under opiate anesthesia. This question was
98 explored by Khawaja et al. (2013), who compared responses to gratings and unikinetic plaids,
99  and found little effect using conventional measures of pattern selectivity. We found that the
100  tuning of component cells in MT was unaffected by the static stimuli, but that of pattern cells
101  was shifted. However, the observed shifts in direction tuning were usually less than expected,
102  and not large enough to make the tuning invariant to the veridical motion of the stimulus. The
103  shifts in direction tuning persisted even if the moving gratings were introduced after the transient
104  responses to static gratings had ended, suggesting a modulatory influence from signals arising
105  outside of MT.
106
107
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Materials and Methods

Electrophysiology. We recorded from well-isolated direction selective neurons in 6 opiate-
anesthetized adult male macaque monkeys (Macaca fascicularis) (“acute preparation”) and one
adult female rhesus monkey (Macaca mulatta) that was actively fixating (“awake preparation”).
We first describe the methods for the acute preparation, and then describe the differences that
pertain to the awake preparation. Our general methods for the surgical preparation of animals,
single unit recording and behavioral monitoring in these preparations correspond to those
detailed previously (Cavanaugh, 2002; Chukoskie and Movshon, 2009; Jazayeri et al., 2012). All
procedures followed the National Institute of Health Guide for the Care and Use of Laboratory
Animals, were approved and monitored by the New York University Animal Welfare Committee

and complied with the rules and regulations of the USDA.

Visual stimuli were created on an Apple Mac Pro computer and displayed on a gamma-corrected
Eizo T966 CRT monitor at a refresh rate of 120 Hz at a mean luminance of 30 cd/m2. Stimuli
were sinusoidal gratings or plaids of a location, size, spatial and temporal frequency optimized
for each cell, presented within a circular aperture surrounded by mean luminance. We presented
single sinusoidal gratings — both moving and static — as well as plaids consisting of two
superimposed component gratings in 12 directions around the clock. Our plaids were either
bikinetic where two moving sinusoidal gratings oriented 120° apart were linearly superimposed
(Movshon et al., 1985) or unikinetic plaids that correspond to the bikinetic stimuli in every way
except that only one component moved. Stimuli were presented in pseudorandom order in rapid
sequence, each for a duration of 330 ms followed by 170 ms of mean luminance. Gratings had a
Michelson contrast of 0.5, whereas plaids had a contrast of 1.0. Each stimulus condition was

repeated 10-30 times per cell.

Recording procedure and behavior. Prior to recording, we determined that our electrode tip was
in MT, both by monitoring the well established landmarks and white/grey matter transitions as
the electrode was advanced to MT, as well as observing the classical physiological response
characteristics of MT neurons — compact contralateral receptive fields, strong direction

selectivity, and the expected range of receptive field sizes for the given eccentricity (Gattass &
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Gross 1981, Maunsell & van Essen 1983, Albright 1984). In the acute preparation, we placed
electrolytic lesions at the conclusion of each experiment, permitting us to verify our recording
locations in the superior temporal sulcus. On encountering a neuron, we isolated the spike
waveform using a digital window discriminator and mapped the location of the receptive field;
most of our receptive field centers were located 3-10 deg from the fovea. We established the
preferred eye and presented the stimuli monocularly, covering the non-dominant eye. We then
determined the neuron’s preferences for the direction of motion, temporal and spatial frequency
using full contrast sinusoidal gratings, and proceeded with data recording using uni- and
bikinetic plaid stimuli. The distance to the monitor varied between 57 to 114 cm, and the screen
therefore subtended between 39° and 20°. To estimate the baseline firing rate of a given neuron,

7.5% of the stimulus presentations were blanks consisting of 330 ms of mean luminance.

Quantification of neuronal responses to plaids. We used standard methods (Movshon et al.,
1985) to compute the partial correlation of the actual response to plaids with the predictions of
idealized models of pattern and component direction selectivity (rp and rc, respectively). The
predicted pattern model response was simply the measured grating tuning curve, suitably rotated.
The predicted component model response was the sum of the two baseline-subtracted grating
direction tuning curves, each shifted by an amount appropriate for the plaid angle. To stabilize
the variance of these correlations we converted the values to Z-scores (Fisher, 1915; Fisher,
1921). For all cells, we computed Zp and Zc — the Z-transforms of rp and rc — from the responses
to gratings and plaids. Cells for which Zcreliably exceeded both Zp and 0 were classified as
component cells, whereas cells for which Zp reliably exceeded Zc and 0 were classified as pattern

cells. We computed a pattern index as Zp — Ze.

For bikinetic plaids, the difference between the peaks of the pattern prediction and each lobe of
the component prediction is 60°. For unikinetic plaids, the difference between the pattern and
component prediction is only 30° (Fig. 2A). Because most MT cells are broadly tuned for
direction, the distinction between the responses of pattern and component cells to unikinetic
plaids was often difficult to detect. We addressed this problem in two ways. First, we included
two distinct sets of unikinetic plaids, “right-handed” and “left-handed”, in which one or the other

grating was static. We then took the mean of two computations of Zc and Z, for each cell.
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Second, we took advantage of these two conditions to examine the rotation of the direction
tuning curve that resulted when one plaid component was static. For component cells, the model
predicts shifts of tuning 30° clockwise for one condition and 30° anticlockwise for the other. For
pattern cells, the model predicts that direction tuning should be invariant to the choice of static
grating (Fig. 2A). We measured the tuning curve shifts by rotating the responses to the left-
handed and right-handed unikinetic plaids to determine the angle that maximized their
correlation, and took this value as the direction tuning rotation, a figure of merit for the pattern
motion computation for unikinetic stimuli. We also computed this rotation by measuring the
angular difference in the summed response vectors (O’Keefe and Movshon, 1998) for the two

unikinetic plaid cases; both measures correlated closely (r=0.87).

Dynamics. We also included responses to two unikinetic plaids in which the static and moving
component gratings were presented with asynchronous onsets. In one condition, the static grating
was leading the moving one by 50 ms, in the other one by 100 ms. We analyzed the data from
these conditions in sliding 5 ms bins, calculating the vector mean and firing rate for each bin. We
calculated the direction tuning rotation for each bin by comparing the vector mean for this bin
with the mean tuning for a single moving grating. We then determined the average direction
tuning rotation over neurons by calculating the vector mean, weighting the contribution of each

neuron by the square root of its firing rate.

Recordings fromthe alert animal. To accommodate the generally higher temporal frequency
preferences in the awake preparation (Alitto et al., 2011), we used an liyama HM204DTA CRT
monitor with a refresh rate of 200 Hz. The animal viewed the stimuli binocularly from a distance
of 57 cm, at which the screen subtended 39°; we monitored eye movements with an infrared
camera system (Eyelink 1000, SR Research). Each trial began with the presentation of a central
white spot (diameter 0.2°) for the animal to fixate. Once fixation started, the stimulus sequence
commenced, and the animal received periodic liquid rewards.. If the animal moved its gaze more
than 1° away from the fixation point, stimulus presentation and reward delivery ceased. Once the

animal refixated, stimulus presentation resumed.
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Results

We recorded from 239 neurons. We used direction tuning rotation to detect and exclude 34
neurons with unreliable tuning (peak correlations of r < 0.82 or a bootstrap-derived standard
deviation of more than 25°), from further analysis. Thus, we analyzed the responses of 205 units
in area MT, 84 from the 6 anesthetized monkeys, and 121 from the awake monkey.

After determining the response preferences of each neuron, we measured its response to five
stimulus families. Figure 2A shows schematics of the responses expected from idealized pattern
and component cells to these five stimulus families. The first column shows response to static
flashed gratings at different orientations. The second and third columns show the “standard”
comparison of responses to moving gratings and bikinetic plaids (Movshon et al.,1985; Smith et
al., 2005). The fourth and fifth columns show responses to the left- and right-handed unikinetic
plaids (see Methods). The responses of four representative example neurons to these stimulus
conditions are shown in Fig 2B-E. Figure 2B shows data from a component neuron, the shape of
whose tuning for bikinetic plaids (black symbols) closely matches the component prediction
(blue dashed lines). Figure 2C shows data from a neuron with mixed properties. Figures 2D-E
show data from pattern neurons, in which the shapes of the plaid tuning curves more closely

match the pattern predictions.

FIGURE 2 ABOUT HERE

The component predictions (blue) for bikinetic plaids are computed from sums of the data in the
second column, suitably rotated. Component predictions for unikinetic plaids are computed from
sums of data in the first column (responses to static gratings, typically weak and poorly tuned),
and the second column. The pattern predictions (red) are simply 30° rotations of the tuning
curves to moving gratings in the second column. Inspection of the data for the component cell
(first row), showed a good correspondence between the tuning for unikinetic plaids and the
prediction from the summed responses. In other words, this cell responded to the unikinetic
plaids more or less as if the static component were absent. The cell in the second row (“mixed”),
which appeared to be pattern selective when tested with bikinetic plaids, shows component-

selective-type responses to unikinetic plaids, similar to the cell whose data are shown in the first

8

Downloaded from www.physiology.org/journal/jn at New Y ork Univ (128.122.112.073) on October 2, 2019.



231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261

row. The remaining two pattern cells (bottom two rows), showed responses to unikinetic plaids

which were closer to the pattern predictions (red) than to the component predictions.

FIGURE 3 ABOUT HERE

Figure 3 shows the distribution of the Z-transformed partial correlations Zpand Zc for the neurons
in our sample for both bikinetic (Fig. 3A) and unikinetic plaids (Fig. 3B). Figure 3A shows that
the distribution of neural response characteristics for bikinetic plaids was similar to those
previously reported in MT (Movshon et al., 1985; Smith et al., 2005; Rust et al., 2006; Khawaja
et al, 2009): 58 pattern cells (28%, red), 58 component cells (28%, blue), and 89 unclassed cells
(43%, black). The four example neurons whose data are shown in Fig. 2 are indicated with black
circles. The data from awake recordings are shown with solid symbols while those from
anesthetized animals are shown with open symbols. Anesthesia had no effect on the distribution

of pattern and component direction selectivity (Movshon et al., 2003).

Figure 3B shows the distribution of neuronal classifications based on data obtained from the
same neurons with unikinetic plaids. Data are colored as they were in Fig. 3A. The data are
shifted wholesale down and to the right. By this measure, only a few neurons were “truly”
pattern selective, in that they retained their selectivity when unikinetic plaids were used. But this
classification method works poorly when the two predictions being distinguished are very
similar. Consider Fig. 2, and note the small difference between the predictions for pattern and
component cell responses to unikinetic plaids. In the face of normal response variability,
differences of this magnitude can be difficult to distinguish, which makes classification

challenging.

It is therefore not surprising that many neurons previously classified as either pattern or
component direction selective with bikinetic plaids appear unclassed when tested with unikinetic
plaids. This effect was more prominent in pattern cells, probably because their direction tuning
tends to be broader than component cells’ (Smith et al., 2005). In quantitative terms, only 7 of
the 205 cells (3%) of the total sample were pattern direction selective under conditions of

unikinetic stimulation. Component cells under these conditions numbered 107, 52% of the total
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sample. Finally, the proportion of unclassed cells remained essentially unchanged at 44%. To
summarize, there appear to be dramatic shifts away from the pattern category when responses are
measured with unikinetic plaids. This observation is consistent with a report by Khawaja et al.
(2013), who noted a qualitatively similar shift from pattern to component selectivity in MT
neurons, when probing them with unikinetic plaids. But this analysis underestimates the true

amount of pattern motion information in the responses of MT cells to unikinetic plaids.

We realized that the essential feature of pattern selectivity for unikinetic plaids is that the
neuronal tuning should remain invariant to the composition of the plaid, whereas component-
selective neurons’ tuning should shift 30° counter-clockwise for the left-handed plaid and 30°
clockwise for the right-handed plaid, 60° in all (Fig. 2A). We decided to use this doubled shift
(hereafter “direction tuning rotation”) in preferred direction as a figure of merit by comparing the

empirical response of MT neurons to these predictions.

FIGURE 4 ABOUT HERE

Figure 4 shows this direction tuning rotation plotted against the pattern index measured with
bikinetic plaids. An ideal component cell whose tuning curve shifted by the full 30° for each
unikinetic plaid would have a direction tuning rotation of 60°, assuming that the response to
static gratings was unselective, as was typical (Fig. 2), its directional preference would be
determined by the moving component. An ideal pattern cell would show no shift and would have
a direction tuning rotation of 0°—its response would be determined by the true motion of the
plaid. The data in Fig. 5 show the expected negative slope, and the correlation is highly
significant (r =-0.39, n =205, p <0.0001). On closer examination, many component cells
behave as expected, with direction tuning rotations near 60°. Few pattern cells have direction
tuning rotations near 0°; instead, most (like the example cells whose data are presented in Fig. 2)
show incomplete shifts in direction preference toward the direction defined by the static grating.
It is as if the pattern direction selective ideal for these cells can only be imperfectly approximated

when one of the component gratings is static.

The data from anesthetized and alert recordings (orange and green) were subtly different, with
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data from alert recordings showing a more pronounced negative slope. This difference is
captured by the fitted lines, computed based on the bootstrapped standard deviations of the
values (error bars). The difference in the slopes approaches but fails to reach significance in a
permutation test (p = 0.0759). Full pattern motion coding for unikinetic stimuli — here indicated
by direction tuning rotations near 0° — is however evident only for data from alert animals, but

the variability of the data could obscure a similar representation under anesthesia.

In Fig 2, we showed that static gratings presented alone evoked only weak responses from MT
cells, yet for pattern direction selective cells they had a potent influence on directional
preference. We noticed that the response to static gratings was not only weak but transient,
disappearing within 50-100 ms. We therefore decided to examine the time course of the static
grating’s influence on direction tuning, by delaying the onset of the moving grating and
measuring the variation in direction tuning over time; conceptually similar measurements on
ocular following behavior were made by Quaia et al. (2016), though they used flickering rather

than static stationary gratings.

FIGURE 5 ABOUT HERE

Figure 5 shows the design and results of this experiment. In panel A we represent the
experimental design: at the start of each trial we switched on a static grating. In one condition,
we left that grating on screen for 250 ms. In three other conditions, we added a moving grating —
either synchronously, with 50 ms delay, or with 100 ms delay. We took all the data — from 84
neurons recorded from anesthetized animals and 121 neurons recorded from the alert animal —
and extracted the responses for the condition in which the moving grating moved in the cell’s
preferred direction. Panels B and C show (for alert and anesthetized data respectively) the mean
of the responses of the neuronal population. The mean response to the static grating alone (gray),
showed a brief transient that returned to baseline roughly 100 ms after stimulus onset. The
responses to the static-moving compound gratings (colors) were all elevated above the response
to the static grating alone, and all converged on the same elevated value by the end of the

measurement, 250 ms after stimulus onset.
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As described in Methods, we rotated the data for each cell so that the preferred direction for
gratings was aligned (drawn as rightward in panel A, and denoted as 30° for consistency with Fig
4). We then computed the population vector preferred direction, and compared it to that of a
moving grating presented alone. The traces of this “tuning rotation” for the three compound
stimuli are shown for alert and anesthetized recordings in panels D and E. We averaged data
from all cells: pattern, component, and unclassed — separate analysis of these cell groups did not
reveal a different pattern of dynamics. The population preferred direction, as indicated by the
arrows, therefore falls between the value of 30° corresponding to the pure component direction
(horizontal), and 0° corresponding to the pure pattern direction (oblique). The population
preferred direction is stably maintained from the onset of tuning to the end of the measurement
period. Note that the population preferred direction is the same whether the moving grating is
synchronous with the static grating (red trace), or is delayed by either 50 ms (blue) or 100 ms
(cyan). It is especially striking to note that for the 100 ms condition, the neuronal response to the
static grating had completely ended (panels B and C, gray), yet the influence of this static

component on the population preferred direction was undiminished.

These results raise the question of how the shift in preferred direction produced by the static
grating is mediated, since it evokes no response. From this plot, it seems clear that it cannot be
mediated by spiking in MT itself, suggesting the involvement of neurons in other areas in the
encoding of the direction of unikinetic plaids, perhaps neurons in the ventral stream of visual

processing that exhibit a more sustained response to static stimuli.
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Discussion

We extended the exploration of pattern motion sensitivity in MT neurons. Unlike their afferents
from V1, some MT neurons combine motion signals in a way that makes them sensitive to the
motion of compound stimuli. This renders pattern cells, at least in the ideal case, sensitive only
to the direction but not to the spatial composition of the moving stimulus. This invariant
sensitivity is captured by measuring responses to gratings and to plaids made by summing two
gratings; in most previous studies those two gratings have moved at the same speed to create
bikinetic or “type I”” plaids (Movshon et al., 1985; Rodman and Albright, 1987; Wilson et al.,
1992; Rust et al., 2006; Khawaja et al, 2009). Here we have included unikinetic plaids, in which
only one of the component gratings moves. These “type II” plaids have the interesting property
that their direction of motion deviates from the sum of the motion vectors of their components,
and have been used extensively in both perceptual and oculomotor experiments (Ferrera &
Wilson, 1987; Ferrera & Wilson, 1990; Wilson et al., 1992; Yo & Wilson 1992; Barthelemy et
al., 2008, 2009). They are conceptually similar to “barber pole” stimuli, in which the direction of
motion of an oblique grating follows the borders of a narrow bounding window (Guilford, 1929;

Wallach, 1935; Adelson & Movshon, 1983; Masson et al., 2000).

Unikinetic plaids are more than mere parametric extensions of conventional plaids. They are
interesting for the exploration of motion integration, because they create cases in which the
percept of a moving stimulus is modified by a static one. We wanted to know whether the
striking perceptual effects reported with these stimuli were reflected in the responses of neurons
in MT: MT neurons compute pattern motion for bikinetic plaids in which both components
evoke responses independently; we wondered whether they would also compute pattern motion

when one component is static, as MT neurons respond poorly to stimuli that do not move.

Our results show that the responses of MT pattern cells are indeed influenced by static targets in
the receptive field, even though these evoke weak responses by themselves; this influence is not
seen for component neurons. However, this effect is not easy to detect with conventional
methods for classifying pattern direction selectivity, because the response of MT neurons to

static stimuli is weak, which renders predictions based on the response to the static component
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378  unreliable. Thus, the standard analysis of the shapes of tuning curves for plaids and their

379  component gratings works poorly when one of the gratings is static (Fig. 3), leading to the false
380 impression that stopping the motion of one grating turns most MT cells into component cells. A
381  more sensitive measure of pattern motion sensitivity in unikinetic plaids is the angle by which
382  the preferred direction is rotated by the addition of a static grating (Fig. 4). Whereas the

383  comparison of tuning in the standard analysis (Fig. 3) depends on shape details for two similar
384  curves, the tuning rotation measure requires only an estimate of preferred direction and is

385  therefore less vulnerable to noise. As considerable variability can always be expected to be

386  present (Taouali et al., 2015), tuning rotation is a more robust and thus more suitable metric of
387  neural responses to bi-kinetic vs. unikinetic plaids. Pattern cells approach but rarely achieve
388  perfect invariance in their direction tuning for unikinetic plaid stimuli, but they approach that
389 ideal for moving stimuli in general. These results are broadly consistent with those of Pack et al
390 (2004), who observed shifts in the tuning of MT responses to “barber-pole” stimuli, but did not
391  distinguish pattern from component cells.

392

393  Our findings have implications for functional theories of the properties of neurons in area MT.
394  Simoncelli and Heeger (1998) proposed that the responses of pattern cells in MT could be

395  accounted for by assuming that they pool the responses of a set of V1 afferents whose selectivity
396 for spatiotemporal frequency is arranged so that they tile the plane in 3-dimensional spatio-

397 temporal frequency space that corresponds to a particular direction and speed of motion. The
398  original characterization of pattern direction selectivity with plaids (Movshon et al., 1985) probes
399 the tiling of this plane by testing two components of the same velocity, leaving much of this
400  stimulus space unexplored. Efforts to characterize the complete three-dimensional frequency
401  structure of the inputs to pattern cells have suggested that the tiling of this plane is often

402 incomplete, being attenuated near the zero-temporal-frequency plane where static stimuli reside
403  (Nishimoto and Gallant, 2011; Zaharia et al., 2019). This may not be unexpected. V1 neurons
404  that provide much of the input to MT are directionally selective and respond poorly to static
405  stimuli (Movshon and Newsome, 1996). Also, pattern neurons in MT respond poorly to stimuli
406  that do not move (Rodman and Albright, 1987; Rust et al. 2006; see Fig. 2 and 5).

407

408  Our results suggest that the responses of pattern cells do reflect information from cells
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responding to static stimuli (near-zero temporal frequency), but they do so both implicitly and
incompletely. The results in Fig 5 show that static gratings evoke a transient response which falls
rapidly back to baseline, yet the influence of those static gratings on direction preference persists.
This influence must therefore be implicit and nonlinear, and might reflect a modulatory influence
from cells which respond better to the static stimuli than MT cells do. It is interesting to
speculate about the source of this sustained signal, which might arise from a parallel cortical
stream (e.g. through V2, Ponce et al., 2008), or from direct thalamic input to MT from the
koniocellular LGN (Sincich and Horton, 2004). Moreover, as shown by Khawaja et al. (2013),
pattern responses are more robust in MST than in MT — it is unclear how MST would receive
this signal: Directly, from MT or indirectly, from a yet to be characterized path or from both?
The influence of the static grating in MT is also incomplete, because only in rare cases do MT
cells show completely invariant direction tuning (Fig. 4). Consider the neurons whose pattern
index is much greater than zero, the unambiguous pattern cells. If these cells all integrated zero-
temporal-frequency information perfectly, they would all have direction tuning rotation values
near 0°. In reality, their direction tuning rotations are dispersed over the entire range from 0° to
60° — few neurons exhibit the idealized pattern of responses that could be expected from the

Simoncelli-Heeger model.

Finally, we note that our results were qualitatively similar in both acute and awake preparations,
despite rather different dynamics and response magnitudes (evident in Fig. 5, cf Alitto et al.,
2011). This similarity suggests that attentional or top-down effects, which are diminished or

absent in anesthetized animals, had little influence on the general pattern of results.

How might our results relate to human perception and visually-guided action? Humans misjudge
the motion of briefly-presented lines to be orthogonal to their orientation (Lorenceau et al.,
1993). Moreover, measurements of short-latency ocular following in humans and monkeys
reveal that the initial tracking of the motion of unikinetic plaids is in the direction orthogonal to
the moving component; then, after 10-20 ms, the direction of tracking rotates to match the true
pattern motion (Barthelemy et al, 2008, 2009). Our results show, as expected, that component
cells can only provide a signal to drive eye tracking of the direction of the moving single grating,

while pattern cells could in principle signal the true direction of motion. If the responses of
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pattern cells were delayed compared to those of component cells, then both the perceptual and
the ocular following results could be explained. Interestingly, in earlier work from our laboratory
(Smith et al., 2005), we showed that component cells have slightly shorter visual latencies than
pattern cells, and further showed that pattern cells’ tuning does not fully stabilize for some time
after response onset. Our conclusions are therefore consistent with the hypothesis that signals

from MT cells contribute to the perception of motion and to the control of visually guided action.
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Figure legends

Figure 1: The intersection of constraints in velocity space, illustrated for bikinetic and unikinetic
plaid stimuli. The perceived motion of visual patterns can be understood within an “intersection
of constraints” (IOC) framework. An individual grating is perceived as moving orthogonal to its
orientation, depicted by the black arrows, but this stimulus is also consistent with any number of
faster-moving gratings that share the same orthogonal component, indicated by grey arrows. The
endpoints of these arrows, taken together, form a constraint line in velocity space (dashed lines).
Connecting the origin of this velocity space with the point where the constraint lines intersect
yields the vector (red arrow) that corresponds to the true motion of the stimulus, and to the
percept of an unbiased observer who sees the two gratings superimposed. In the case of bikinetic
plaids (A), two moving gratings of equal speed are superimposed, so the constraint lines intersect
on the horizontal axis, giving the percept of a stimulus moving to the right. In the unikinetic case
(B), one moving and one static grating are superimposed. The constraint line imposed by the
static grating goes through the origin, shifting the intersection point of the constraint lines 30° off
the horizontal, towards the veridical motion vector of the moving grating. The lengths of the red

arrows indicate that the unikinetic plaid moves more slowly than the bikinetic one.

Figure 2: Example responses of pattern and component cells to gratings and plaids. A: The
curves in the center of each stimulus family show the predicted responses of idealized pattern
(red) and component (blue) selective neurons tuned for rightward motion when tested with the
stimuli depicted in the ring. These correspond to the conditions used in our experiment. All
conditions were tested in 12 directions, though for economy the full set is only shown here for
the static case. The five parts of each panel show responses to different sets of targets. Stationary
gratings: MT neurons are generally not strongly responsive or selective for static patterns, so we
expect only weak responses, not differing between pattern and component cells and indicated in
black. Moving gratings: We expect both pattern and component cells to exhibit a robust
unimodal response, represented by the black von Mises function in the center. The motion of
each grating is indicated by black arrows. Bikinetic plaids: As in Fig 1A, these consist of two
moving component gratings (the motion of which is indicated by blue arrows) yielding one
pattern motion (red arrows). We expect pattern and component cells to exhibit bimodal

(component cell) and unimodal (pattern cell) tuning, represented by blue and red von Mises
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functions. Left- and right-handed unikinetic plaids: As in Fig 1B, these consist of a moving
grating and a stationary one, the left- and right-handed cases differ in which grating is moving.
The color scheme is the same as in the case of the bikinetic plaid. We expect both pattern and
component cells to exhibit unimodal tuning. The component cells should respond to the moving
grating essentially as if the static grating were absent. We therefore expect a difference in
preferred direction of 60° between the two kinds of unikinetic plaid. Pattern cells’ tuning should
be aligned with the pattern motion, and the difference in preferred directions should be roughly
0°. B-E: Responses of four representative example cells. Color scheme as in A, but the pattern
and component predictions are depicted in dashed lines whereas the measured responses are
drawn in solid lines. All cells responded weakly to static gratings and showed classical response
characteristics to moving gratings and bikinetic plaids. The component cell (B) responded in a
fashion consistent with the component prediction (the direction tuning rotation was 52°). The
pattern cells (D, E) obeyed the pattern prediction, although not perfectly (direction tuning
rotation values of 7 and 16°, respectively). The mixed cell (C) showed classical behavior to
moving gratings and bikinetic plaids, and would be classified as a pattern cell when stimulated
with bikinetic plaids, but when probed with unikinetic plaids, it showed component cell-like

behavior (direction tuning rotation of 38°).

Figure 3: Pattern/component classification for bi- and unikinetic plaids. A: Bikinetic plaids. The
ordinate represents the partial correlation of the neural response with the pattern prediction (Zp),
the abscissa represents the partial correlation of neural response with the component prediction
(Zc). Black lines indicate the borders of significance that allow a statistical classification of cell
behavior. Pattern cells (falling in the upper region) are drawn in red and component cells (falling
in the lower region) are drawn in blue, unclassed cells (falling between these regions) are drawn
in black. Open circles indicate that the cell was recorded in the acute preparation, filled circles
indicate that the cell was recorded under awake conditions. Black circles indicate the example
cells from Fig 2. B: Unikinetic plaids (averaged over both left- and right-handed unikinetic

conditions). The cells are colored based on their classification determined with bikinetic plaids.

Figure 4: Pattern index predicts the rotation of direction preference induced by static stimuli. The

abscissa gives the pattern index (Zp -— Zc) for bikinetic plaids, the ordinate gives the direction
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preference difference between responses to left- and right-handed unikinetic plaids. Orange
represents data from the alert animal and green represents data from the anesthetized animals; the
error bars represent the bootstrapped standard deviations of the estimates for pattern index and
rotation. The solid lines represent the lines of best fit (Press et al., 1992) for the two groups of
cells. Arrows show the direction tuning rotation expected from idealized pattern and component
cells (Fig 2A). Black circles indicate the example cells from Fig. 2. The shaded background

colors indicate the ranges of pattern and component cells as displayed in Fig. 3.

Figure 5: Time course of responses and tuning preferences for asynchronously presented
compound stimuli. A: Experimental design. At the start of all trials, we introduced a static
grating (gray arrow). For trials with compound stimuli, we added a moving grating with an
orientation 60° different from the static grating either synchronously (red), or with a delay of 50
or 100 ms (blue, cyan). B, C: Mean firing rates evoked by optimal single gratings and plaids
containing those gratings for 121 cells from alert animal (B) and for 84 cells from the
anesthetized animal (C) for the four stimulus conditions schematized in A, computed at 1 ms
intervals within a 5 ms sliding window. D, E: Mean direction tuning to moving stimuli for the
neuronal populations (anesthestized: D, alert: E). We rotated the tuning data for all neurons so
that the preferred direction for single gratings was aligned at horizontal (here indicated as 30°),
and estimated the population preferred direction within the same 5 ms sliding window. The
preferred direction is plotted only for times past the time at which the estimate for each stimulus

had stabilized.
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