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mutations in the SCN5A gene that alter –1-subunit interactions
also produce an LQT3 variant15. Our results suggest SCN5A along
with SCN1B as candidates for sodium-channel genes involved in
idiopathic seizure disorders.
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We report a visual motion aftereffect (MAE) that reveals simulta-
neous adaptation in independent motion channels coding for ‘slow’
or for ‘fast’ velocities. Dynamic random noise test patterns with low
refresh frequencies or static test patterns can be used to test for
MAEs mediated by slow channel adaptation, whereas MAEs pro-
duced by fast channel adaptation may be detected with noise pat-
terns refreshed at high rates. After adaptation to transparent motion
containing both a slow and a fast component, test patterns con-
taining both high and low refresh frequencies produce a transpar-
ent, two-component MAE, revealing two distinct channels.

When adaptation to a moving stimulus is followed by a scene

without coherent motion, an illusory motion in the opposite direc-
tion is perceived: a phenomenon known as the MAE1. Two super-
imposed groups of dots moving in sufficiently different directions
and/or speeds are perceived as two segregated, transparent sur-
faces2. The MAE following such a stimulus is not opposite to each
of the adaptation vectors (and thus transparent), but has only one
direction, opposite that of the (weighted) sum of the adaptation
vectors. Challenging the classic explanation of the MAE3, this obser-
vation was explained in terms of the relative activity of the entire
motion sensor population4. MAEs of unidirectional and transpar-
ent motion have typically been tested with stationary test patterns
and can be elicited for adaptation speeds up to about 25 degrees
per second, although humans can perceive much higher speeds.

A much wider range of adaptation speeds was seen for ‘dynam-
ic MAEs’ tested with dynamic visual noise (resembling a detuned
television screen)5,6 than for ‘static MAEs’. Static MAEs dominate at
low speeds, whereas dynamic MAEs prevail after adaptation to
higher speeds7. Taken with other evidence8–10, one explanation is
that these MAEs reveal two separate, speed-tuned motion-sensor
populations, which may correspond to distinct channels: sustained
(slow and tuned to fine structures) or transient (fast and spatially
more coarsely tuned)11–14.

To test this prediction, observers adapted to orthogonally direct-
ed transparent motion containing only slow speeds (1.3 and 4
degrees per second, within the range for which the static MAE is
stronger than the dynamic MAE), only fast speeds (12 and 36
degrees per second with a dominant dynamic MAE) or mixed
speeds (4 and 12 degrees per second) for 45 seconds. The test pat-
tern refresh frequency varied across trials from 0 (‘static’) to 90 Hz.
Observers were instructed to indicate the MAE direction. Irre-
spective of refresh frequency, they indicated constant MAE direction

M
A

E 
d

ir
ec

ti
o

n
 (

d
eg

)

Test pattern refresh frequency (Hz)

FV
MS
PH

10 100

45

60

75

90

105

120

135

Fig. 1. MAE direction as a function of test pattern refresh frequency in the
‘mixed’ condition (three observers). Each data point shows a single MAE
direction judgment. The adaptation stimulus consisted of two orthogonally
moving binary random-pixel patterns (pixels, 1.88 min arc squared) viewed
through an 8-degree circular window. The test stimulus consisted of a ran-
dom-pixel pattern of which each pixel was assigned a new value (either dark
or bright) every nth frame depending on the test frequency (0–90 Hz).
Judged MAE direction near the direction opposite the ‘slow’ adaptation vec-
tor (< 90 degrees) can be clearly distinguished from those near the direc-
tion opposite the ‘fast’ adaptation vectors (> 90 degrees). At test pattern
frequencies of 15–30 Hz, MAE directions were judged to be approximately
opposite either the ‘slow’ or the ‘fast’ adaptation vector. Each symbol rep-
resents data for one observer; weighted sigmoidal functions fitted to data
for each are shown by curves (r2 > 0.95 for each fit).Test pattern refresh frequency (Hz)
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Fig. 2. MAE directions for the different
test patterns in the ‘mixed’ condition
(three observers). Each symbol shows
the mean of eight direction judgments.
The static MAE (filled triangles) is clos-
er to the direction opposite the ‘slow’,
whereas the dynamic MAE (filled circles)
is closer to the direction opposite the
‘fast’ adaptation component. The two
component MAE directions seen with a
combined test pattern (open triangles
for static; open circles for dynamic) are
distinct, each similar to those seen using
a single test frequency, yielding a trans-
parent MAE.
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for either the slow or the fast condition, for which weighted vector
summation of the adapting patterns was apparent. However, in the
mixed condition (Fig. 1), the MAE is closer to the direction oppo-
site the fast adaptation component for test frequencies above
approximately 20 Hz, whereas it approaches the direction opposite
the slow adaptation component for lower test frequencies. No inter-
mediate directions are perceived; thus, MAE direction changes
sharply as function of the test refresh frequency. The point of tran-
sition at 20 Hz is comparable with temporal frequency tuning of
the transient channel(s) reported by others (for example, peaking at
13 or 20 Hz)14,15. Statistical analysis (Cohen’s Kappa > 0.88) revealed
that the MAE directions could be divided in two categories, one
with refresh frequencies above 20 Hz and MAEs opposite the fast-
adaptation component, and the other with lower frequencies with
MAEs opposite the slow component.

In the past, MAEs have been tested with either static or dynam-
ic test patterns, exposing only one motion sensor population at a
time; hence, it was believed that MAEs reflected integrated activity of
all stimulated motion sensors. Because our results suggest two pop-
ulations, we designed a test pattern that had both static (0 Hz) and
dynamic (45 Hz) characteristics, and thus tapped both populations
simultaneously. Separate MAEs for each of the two components
would be expected only if the two sensor populations were truly

independent. After adaptation under previously used conditions,
one of three test patterns was shown: static, dynamic or ‘combined’
(containing both static and dynamic characteristics). The observers
indicated MAE direction of either the static or the dynamic com-
ponent in the test pattern. As expected, the dynamic MAE was very
weak for the slow condition, whereas for the fast condition, static
MAEs were virtually absent. In the mixed condition, both MAEs
were present, and both components of the combined test pattern
elicited an MAE (Fig. 2). The directions of these MAEs are similar to
those elicited by the static or dynamic test pattern alone. The com-
bined test pattern is perceived as a transparent, bi-directional MAE,
with the ‘static component’ slowly moving opposite the low-speed-
adaptation component and the ‘dynamic component’ moving rapid-
ly opposite the high-speed-adaptation vector.

This new MAE phenomenon was remarkably robust. Varying
contrast ratio (or strength) between the static and dynamic test
components had little effect, as long as both were visible (Fig. 3).
Moreover, as long as one of the adaptation components was slow
and the other fast, a range of adaptation speeds yielded the trans-
parent MAE. One might argue that, because the adaptation stimu-
lus contained two distinct directions, direction tuning rather than
speed tuning was the most prominent segregation cue. However,
if observers adapted to transparent motion with both slow and fast
components moving in the same direction, again a transparent
MAE was perceived for the combined test pattern. The effect clear-
ly does not depend on the combination of adaptation directions
(Fig. 3).

The notion of two motion sensor populations with distinct tem-
poral characteristics is hard to reconcile with the unidirectional MAE
seen with static test stimuli after adaptation to transparent motion of
any speed. We suggest that this unidirectionality reflects activation of
only one of the populations by stationary test patterns. Our new
combined test pattern taps both populations simultaneously, result-
ing in the perceptual manifestation of both MAEs. This perceptual
duality demonstrates independent underlying neural substrates for
separate slow and fast channels of motion perception.

Note: a demonstration of the transparent motion illusion is available at
http://neurosci.nature.com/supplementary_info/.
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Fig. 3. The MAE
duration of each of
the test components
(static or dynamic)
pooled across three
observers as a func-
tion of the contrast
ratio between the
static and dynamic
test components.
The adaptation stim-
ulus always had a
contrast ratio of one.
(Both components
had the same con-
trast during adapta-
tion.) At low contrast
ratios ( 0.01), there is hardly any static component visible in the test
stimulus, whereas the dynamic component is clear and dominant. The
reverse is true for high contrast ratios (> 50). The results are similar for
each of the adaptation direction combinations. At low contrast ratios,
only the dynamic component elicits a clear MAE, whereas at high contrast
ratios, the static component shows the only salient MAE. In between,
there is a range of contrast ratios for which both components show
strong MAEs, resulting in the percept of transparency.
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