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Abstract: 
 
The ability to extract motion is one of the most persistent properties of visual 
systems throughout the animal kingdom. From the retina to higher cortical areas, 
cells showing motion dependent responses have been identified. When faced 
with prolonged stimulation of the same motion signal, most of these cells can 
change their response properties, an effect know as adaptation. This review 
focuses on adaptation to motion and its perceptual consequence: the motion 
aftereffect. How do different motion sensitive areas adapt and how does 
adaptation change responses over time are the two major themes of this 
manuscript. The studies reviewed will be used to evaluate current theories on the 
motion aftereffect. We argue that the motion aftereffect may rely on different 
mechanisms for different motion sensitive brain areas with a possible role for 
feedback between these areas. Also, we will argue that adaptation is a 
continuous process serving to equate sensitivity to different motion signal to keep 
overall sensitivity maximal, in effect, continuously recalibrating the visual system 
to the current visual environment.  
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1. Introduction 
 

The visual system can operate under a remarkably wide range of 
conditions. Probably the most striking example of this is the varying luminance 
conditions we are exposed to during the course of a day. Human vision can 
properly function under a luminance range of more than 13 log units. Note that 
sensory nerve cells can produce only a small number of distinct outputs, making 
it impossible to generate unique response to each of these luminance levels 
(King-Smith & Webb, 1974). However, many sensory cells and neurons react to 
ongoing sensory stimulation by altering their response properties, matching their 
sensitivity to the strength and statistical properties of the current stimulus 
distribution (Kurtz, 2007; Fairhall et al., 2001). This change in response 
properties to changes in the environment is termed adaptation and has been 
demonstrated for many different sensory systems including smell, taste, touch, 
hearing and vision. The visual system can adapt, for example, to contrast, 
orientation, color, shape, facial expressions and motion. One important aspect of 
adaptation to keep in mind throughout this review is that although the induction of 
adaptation in the lab seems (and is) rather artificial, we are constantly either 
adapted or adapting to the current visual environment.  
 The current review will focus primarily on the cellular dynamics underlying 
adaptation to motion signals. Motion adaptation is thought to give rise to one of 
the most striking visual illusions: the motion aftereffect (MAE; Barlow & Hill, 
1963). After prolonged viewing of motion in a particular direction, one perceives 
the opposite motion when viewing a static object. This illusionary motion can last 
for several seconds and may reflect short-term changes in responses of neuronal 
populations sensitive to direction of motion. However, multiple brain areas 
respond to motion direction, corresponding to several lines of evidence 
suggesting multiple sites for motion adaptation (Mather et al., 2008; Pantle, 1998; 
Thompson, 1998). How does adaptation to motion produce these vivid illusionary 
percepts know as MAEs?  
 This manuscript aims at a better understanding of the MAE by briefly 
reviewing motion processing and adaptation to motion. With multiple sites in the 
brain responding to motion, the first question we need to ask concerns the 
different roles of these areas. Also, how do these different areas adapt to 
motion? How do the responses properties of direction- and motion-selective 
neurons change during and after adaptation? Changes in neural response 
properties can occur after adaptation as brief as tens of milliseconds or as 
prolonged as several minutes (Sharpee et al., 2006). What then, are the different 
timescales of motion adaptation? This review aims at summarizing the current 
evidence concerning these issues in order to have an evaluation of current 
theories on MAEs.  
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2. Motion processing: Direction selectivity 
 

To infer motion from luminance changes, a minimum of two signals, 
differing in their spatial and temporal origins must be linked together as belonging 
to the same object. Assuming a high ‘refresh rate’ and fast working memory, one 
could simply infer motion from a change in location of an object over time. Still, 
without any intuitive necessity, some scientists were contemplating specialized 
motion processing systems, perhaps inspired by the great saliency of moving 
objects or the illusionary motion of stationary objects after prolonged viewing of 
movement in one direction. In 1894, the German scientist Exner was the first to 
discuss the requirements of motion processing. Exner (1894) presented a neural 
motion detection model based on a delay and compare mechanism (Figure 1). 
The model proposes that retinal signals from different locations are fed forward to 
summation sites. The time it takes the signal to travel to one of these sites is 
proportional to distance it must travel. Assuming a delay mechanism, two signals 
with different temporal and spatial origins can reach a common summation site at 
the same point in time, the combination of these signals leading to directionality. 
Note that, theoretically, this means that extraction of directionality is possible 
from the level of the retina. The vertebrate retina actually contains all necessary 
connections and processing stages needed to detect motion direction, although 
not all species appear to utilize this potential (Dowling, 1979). As this statement 
implies, some vertebrates can detect motion as early as at the level of the retina 
(e.g. rabbits; Barlow & Hill, 1963; Barlow & Levick, 1965) although others cannot 
(e.g. cats and monkeys; Hubel & Wiesel, 1959, 1962, 1968). Although not the 
focus of this review, this is a very surprising finding in the light of the evolution of 
motion detection mechanisms, especially when considering that, next to the 
detection of dark and light, the ability to see motion may be one of the oldest 
visual properties (Nakayama, 1985).  
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Figure 1: 
Exner’s model on retinal motion direction processing. Retinal signals from different 
locations (represented as a,b,c,d,e & f) are fed forward to summation sites S, E, H and 
Ff. The time it takes the signal to travel to one of these sites is proportional to distance it 
must travel. The model assume a delay mechanism, making it possible for two signals 
with different temporal and spatial origins to reach a common summation site at the 
same point in time. The combination of these signals is suggested to be processed as 
directionality. From Clifford and Ibbotson (2003). 
 
2.1 Retinal motion processing 

As previously noted, the retina of the rabbit contains cells that are 
direction-selective (DS). Direction-selectivity entails that a cell shows increased 
responses to motion in one direction relative to responses to motion in other 
directions. Two types of DS cells have been found in the rabbit retina: On-cells 
and On-Off cells (Barlow & Levick, 1965). Both cells types are retinal ganglion 
cells (RGCs). The On-Off cells respond to both the movement of light and dark 
edges although the On-cells only respond to the movement of light edges. 
Several other species are know to have DS-cells at the level of the retina, 
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including frogs (Maturana, Lettvin, McCullach & Pitts, 1960), turtles (Jensen & 
Devoe, 1983), birds (Maturana & Frenk, 1963) and squirrels (Michael, 1968). 
Surprisingly, even though all these species show DS at the level of the retina, the 
underlying mechanisms are not identical. For instance, the turtle has three types 
of DS RGCs although the rabbit has only two (Jensen & Devoe, 1983). More 
specifically, the turtle has the additional Off-specific type of DS-cell that is not 
found in the rabbit retina. The important point here is that even for animals all 
showing DS-cells at the retinal level, mechanisms may still vary, warning us 
about generalizing across species. For a review on retinal motion processing 
mechanism see Clifford and Ibbotson (2003). 
 
2.2 Sub-cortical motion processing 

Although the majority of RGCs project to the dorsal lateral geniculate 
nucleus (dLGN) and consecutively to the striate cortex, about 10% project to the 
sub-cortical structure the superior colliculus (SC). The SC also receives inputs 
from other visual areas including V1, V2, V3, V4 and the medial temporal area 
(MT), however, the SC-cells receiving retinal input appear to respond 
independent of V1 (Marrocco, 1978). The SC responds best to the difference 
between multiple motion signals although 10% shows standard DS responses 
(Logothetis, 1994). The majority of SC cells respond best when there is a 
difference between the motion directions falling on the cells’ receptive field 
compared to the direction outside of the receptive field. These cells did not 
respond to either of the two absolute directions presented, only to their 
difference. However, when cortical efferent were lesioned, this sensitivity was 
greatly reduced, showing the dependence on cortical DS-inputs.  

The majority of SC-cells project to the inferior region of the pulvinar. This 
region also receives input form the retina and LGN as well as the striate and 
middle temporal area. Many inferior pulvinar cells are orientation and/or direction 
selective, with the magnitude of orientation tuned cell responses depend of 
movement (Bender, 1982). However, striate lesions have a profound effect on 
these cells (Bender, 1983) again showing a strong reliance on cortical motion 
processing.  
 
2.3 Early cortical motion processing 

If not all vertebrates have retinas that are sensitive to motion direction, 
where then, do these animals process motion direction? For many vertebrates, 
like cats and primates, motion detection along the geniculate-cortical pathway is 
thought to first occur at the level of the cortex. Indeed, the proportion of DS-cells 
in the cat retina is only 2% (Stone & Fabian, 1966) compared to 33% in the turtle 
(Jensen & Devoe, 1983). Moreover, electroretinogram recordings from humans 
suggest that there is only a very small portion of DS-cells in the human retina, if 
any (Bach & Hoffmann, 2000). However, for both cat & monkey, greater 
proportions of DS-cells have been found in area V1 (Hubel & Wiesel, 1959, 1962, 
1968).  
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In the primary visual cortex, many cells respond to moving stimuli, around 
20% of all V1 neurons. These cells can be divided into 3 groups (Clifford & 
Ibbotson, 2003): (1) non-directional cells, (2) directionally biased cells and (3) 
motion-opponent cells. Non-directional cells might respond vigorously to a 
moving bar but show a similar response when the direction of movement is 
reversed (Hubel & Wiesel, 1962). These cells, like most V1 cells, are tuned to 
orientation and may prefer a moving to a static stimulus. Hubel and Wiesel 
(1962) note that this increased response to movement can be expected form the 
receptive field organization of these cells. If the cell has Off-flankers (stimulation 
of which inhibits the cell) and an On-center (stimulation of which excites the cell), 
moving a bar of the cells preferred orientation from the inhibitory region onto the 
excitatory region would lead to the greatest response. Directionally biased cells 
may also be orientation tuned. However, there responses to a particular direction 
are greater than their responses to the opposite direction. By mapping the 
receptive field of such a direction selective cell, Hubel and Wiesel (1959) showed 
an asymmetry in strength between the two excitatory regions flanking the central 
inhibitory region of the cells’ receptive field. Moving a stimulus from the inhibitory 
center to the stronger excitatory region would lead to a greater cell response than 
when the stimulus was moved onto the weaker excitatory region, leading to the 
cell having a directional bias. Note that this explanation is very different from 
Exners ideas. However, these different explanations are not mutually exclusive 
since we are comparing retinal with cortical direction selectivity. A third type of 
direction selective cells is called motion-opponent cells. Motion-opponent cells do 
not only respond more vigorously to one direction compared to the opposite 
direction, responses to the direction opposite to that leading to the greatest 
responses of the cell are actually lower that the cells spontaneous activity. This 
means than the response to this opposite, or null-, direction is actually inhibited.  
 
2.3.1 Current theories on mechanism of DS in V1 
 Early theories on motion direction mechanism were based on retinal DS 
(Exner, 1894; Reichardt, 1961) and stress the importance of spatio-temporal 
interactions. The first suggestions of cortical DS mechanism by Hubel & Wiesel 
(1959) were based also based on spatio-temporal interaction although they did 
not refer to any delay-mechanism as proposed by the retinal models. Here we 
review some current theories on early cortical motion detection mechanisms.  
 With a large number of studies having examined DS-mechanisms, two 
theories are now proposed to be most likely, (1) one involving both excitatory and 
inhibitory receptive field regions and (2) one involving two excitatory regions 
where the signaling of one is delayed (Livingstone, 1998). The first model 
suggests that, as a stimulus moves through the receptive field, responses from 
two receptive field sub regions, one excitatory and one inhibitory, are summed 
(Figure 2). An important assumption of this model is that inhibitory signals are 
slower than excitatory signals. If the stimulus moves through the excitatory sub-
region first, this would lead to a strong response of the cell followed by the 
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delayed inhibition of the second sub-region. However, moving through the 
inhibitory region first would cancel out the excitatory response since the inhibition 
is slower and would thus affect the cell at the same time as the excitation. The 
cells preferred direction of motion would then be that of a stimulus moving from 
the excitatory region into the inhibitory region with its null-direction being the 
opposite. Note that this is quit similar to the suggestions of Hubel and Wiesel 
mentioned previously.  
 The second model does not involve inhibitory processes. Instead, it is 
suggested that one sub-region has a delayed response compared to the second 
region. Similar to the first model, responses of the two sub-regions are summed. 
A stimulus moving from the slow- into the fast-responding region would result in 
the in-phase summation of the two responses. In the opposite direction, the two 
responses would be summed out of phase, leading to a weaker and more 
(temporally) distributed signal. An important assumption of this model is that 
responses of the cell are thresholded, meaning only from a certain signal 
strength does the cell give its DS-response.  
 A recent study by Priebe and Ferster (2005) investigated the synaptic 
inputs to simple cells in the cat primary visual cortex. They found that both 
excitatory in inhibitory synaptic inputs are selective for the same direction of 
motion. However, stimulation by the cells preferred direction evoked these two 
components asynchronously, with the difference in timing resembling a 180° 
phase shift. Note that these results resemble the predictions of the delayed 
asymmetric inhibition model.  
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Figure 2:  
Current models on early cortical motion processing based on receptive field properties. 
The model on the left is based on both excitatory and inhibitory responses while the 
model on the right involves only excitatory processes. Current evidence favors the left, 
delayed asymmetrical inhibition model. Figure from Livingstone (1998). 
 
2.4 Extra striate motion processing 

Beyond the striate, in area V2 and V3, many cells show motion selectivity. 
However, the DS properties of these cells are rather similar to those of V1. Also, 
these areas receive much of their inputs from V1. This suggests that in these 
areas, DS-responses are more likely to be inherited, or conserved if you will, than 
computed. There is however, a small area that is very responsive to motion 
suggesting a special motion processing area. This area is termed area MT 
(medial temporal) and has been the subject of much research. What does this 
area add to motion processing? 
 
2.4.1 MT 

To understand the role of area MT in the processing of motion information 
it is important to consider the input sources of this area. MT receives inputs form 
areas V1-4 as well as from the superior colliculus and pulvinar. Note that many of 
these areas have cells showing motion direction selectivity. Although the majority 
of cells in MT are direction selective, around 90%, this area may not compute 
directionality itself but rather inherit it. Lesions of the primate V1 area lead to a 
great reduction of DS-cells in MT although the loss is not complete (Rodman, 
Gross & Albright, 1989). However, when the superior colliculus is also lesioned, 
MT is silenced (Rodman, Gross & Albright, 1986). This suggests that MT does 
not only receive directional inputs from V1 but also from the colliculus. Further 
results suggesting that MT does not necessarily compute directionality itself 
comes from Movshon and Newsome (1996). They showed that DS-V1-neurons 
could be activated anti-dromically by means of electrically stimulating MT-cells, 
showing the DS nature of MT inputs.  

An important role for MT might be overcoming the ‘aperture problem’ 
faced by V1. The aperture problem refers to the ambiguity of motion direction 
signals based on small receptive fields and orientation tuning. As previously 
noted, V1 DS-cells are often orientation tuned. This means that DS-response will 
only be evoked if the stimulus is also of the cells’ preferred orientation. Actually, 
orientation tuning and DS are strongly related in that the cells have preferred 
directions orthogonal to their preferred orientation. Due to small receptive fields 
are bar or contour moving in a range of directions will lead to the same 
stimulation of the receptive field. This can lead to substantial misjudgment of the 
motion direction of an object. Area MT might be able to overcome this problem. 
MT has been show to combine local motion signals to code the global direction of 
motion (Rodman & Albright, 1989; Movshon & Newsome, 1996). Receptive field 
of MT neurons are much larger than those of earlier visual areas like V1. More 
specifically, at any given eccentricity, MT receptive fields are about 10 times 
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larger compared V1. This would allow MT to overcome the aperture problem. It 
may also play a role global motion perception (Born & Bradley, 2005; Giaschi, 
Zwicker, Young & Bjornson, 2007). Support for this idea comes from lesion 
studies showing a lack of global motion perception after MT lesions (Marcar, Zihl, 
& Cowey, 1997; Newsome & Paré, 1988). More over, electrical stimulation of MT-
cells can lead to the perception of moving flashes of light (phosphenes; Pascual-
Leone & Walsh, 2001). However, feedback from MT to V1 appears to be 
necessary in this effect (Pascual-Leone & Walsh, 2001).  

 
2.4.2 Beyond MT 
 Area MT sends its outputs to several other cortical areas indicated in 
motion processing, including the medial superior temporal (MST) area (Raiguel et 
al., 1997). This area also shows a great proportion of direction selective cells and 
responds to more complex forms of motion such as optic flow. However, this and 
other areas upstream from MT will not be part of this review. Instead, our main 
focus will be motion processing in V1 and MT, with results obtained primarily 
from the cat and primate cortex.  
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3. Motion adaptation 
 

As reviewed above, multiple areas in the brain contain cells that prefer 
moving to static stimuli and can even have a preferred direction of this 
movement. This preference for motion is expressed as an increase in firing rate. 
What happens to the responses of these cells when they get stimulated for 
longer durations? As noted in the introduction, many sensory cells and neurons 
react to ongoing sensory stimulation by altering their response properties. The 
first scientific studies on the effect of prolonged stimulation by motion were 
probably inspired by an observation already puzzling minds in ancient times. 
Around 330 B.C. Aristotle noted: “When persons turn away from looking at 
objects in motion, … the things really at rest are then seen moving” (Wade & 
Verstraten, 1998).  This effect on perception after seeing motion (referred to as 
the motion after effect; MAE) has been rediscovered many times (Wade & 
Verstraten, 1998) with probably its most famous of observation being that of 
Addams. Addams report on perceiving illusionary movement of the rocks next to 
a waterfall in Scotland led to subsequent reference of this effect as the waterfall 
illusion. 
 
3.1 A physiological basis for after effects 

The advancements in single cell recordings and the discovery of direction 
selective units in the late 1950s and early 60s did not only provide scientists with 
the tools but also a starting point for physiological investigation of the MAE. In 
1963, Barlow and Hill recorded from DS cells in the rabbit retina before, during 
and after prolonged presentation of motion in one direction, e.g. motion 
adaptation. Before adaptation, presentation of a stationary horizontal grating 
evoked similar responses in cells selective for upward- and cells selective to 
downward-movement. During the adaptation phase, the grating moved 
downward, resulting in increased activity of cells with their preferred direction 
being downward. During the adaptation, the upward-selective cells did not 
change their responses. When, after adaptation, the stationary stimulus was 
presented again, responses of the upward DS-cells were similar to its responses 
during the pretest. However, relative to the pretest, the downward (adapted) DS-
cells’ responses were decreased. Barlow and Hill suggested that it was this 
relative dominance of response by the upward DS-cell compared to the 
downward DS-cell that led to the experience of perceived opposite motion after 
adaptation. Note that the assumption here is that perceived motion direction is 
the sum of all direction selective responses. The decreased response of DS-cells 
after adaptation to their preferred stimulus fitted nicely with previous ideas on the 
neural basis of aftereffects. The direction specific response reductions fitted 
nicely with explanations of the MAE based on the ratios of responses to different 
directions (Wohlegemuth, 1911; Kohler & Wallach, 1944; Sutherland, 1961). In 
the words of Sutherland (1961): “The direction in which something is seen to 
move might depend upon the ratios of firing in cells sensitive to movement in 



 12 

different directions, and after prolonged movement in one direction a stationary 
image would produce less firing in the cells which had just been stimulated than 
normally, hence apparent movement in the opposite direction would be seen to 
occur”. 
 
3.2 Refraction or mechanism 

The decrease in responsiveness described by Sutherland was thought to 
rely on differential neural fatigue (Sekuler & Pantle, 1967). The first physiological 
support for this hypothesis came from the Barlow & Hill study described in the 
previous paragraph. More recent findings can also be used as support of this 
hypothesis. For instance, also in line with the refraction or fatigue hypothesis of 
adaptation, are findings that neurons adapted to their preferred stimulus are 
hyperpolarized (Carandini, & Ferster, 1997; Carandini, Movshon & Ferster, 1998) 
and that repetitive presynaptic stimulation depletes a readily releasable vesicle 
pool (Dobrunz & Stevens, 1997).  

Although appealing by its simplicity, several lines of evidence argue 
against a refractory nature of adaptation, at least in terms of it being a complete 
explanation. Physiological recordings of V1 neurons for instance, suggest that 
adapted neurons are not necessarily fatigued. In 1979, Movshon and Lennie 
showed that adaptation to a spatial frequency on the flank of a neurons tuning 
curve led to an asymmetrical decreases in responsiveness to test stimuli. If the 
test stimulus fell on the same flank as the adaptor, the responses of the neuron 
were more decreased than when it fell on the other side of the tuning curve. If the 
neuron was fatigued, both flanks should have been affected similarly.  

One particularly interesting finding is that a strong response from a DS MT 
neuron was not required to find a strong effect of motion adaptation (Petersen, 
Baker & Allman, 1985). This does not, however, rule out that the inputs to MT are 
not fatigued. Another example of this effect comes from Sanchez-Vives and 
colleagues (2000). They adapted V1 neurons to drifting gratings while preventing 
action potentials by hyperpolarizing the cells. During the post-adaptation periods, 
the cells showed significant hyper-polarization, as found after ‘normal’ adaptation. 
Since the cell did not fire though out the adaptation period, fatigue cannot explain 
this hyper-polarization. A recent study by Kohn & Movhson (2003) took a different 
approach. They looked at the different contributions of changes in response gain 
(involving the ability of a neuron to fire at high rates) and in contrast gain 
(involving a beneficial shift in the neurons operating range) after direction specific 
adaptation in MT (Figure 3). They found that on average, adaptation only led to a 
small change in response gain. However, the changes in contrast gain were quit 
substantial. These results also suggest that there is more to adaptation than 
neural fatigue at V1 or MT.  
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Figure 3: 
Examples of recordings from MT cells before (open circles) and after (closed circles) 
adaptation from Kohn and Movhson (2003). The Y-axes represent the cells’ firing-rates 
and X-axes the contrast of the stimulus. The data represented in part A of this figure, 
shows a MT cell where adaptation mostly leads to a changes in response gain; after 
adaptation the maximal firing-rate is decreased. This suggests the cell may be fatigued. 
Part B of this figure depicts a cell showing mostly a change in contrast gain; after 
adaptation more contrast is needed for the same response. This suggests a change in 
the neurons operating properties. Most MT cells appear to respond to adaptation with a 
change in contrast gain, suggesting that there is more to adaptation than only neural 
fatigue.  
  
3.3 Selectivity 

If adaptation were not (only) the result of neural fatigue, we would expect it 
to serve a functional role. However, before we can discuss any potential function, 
we need a more detailed account of the effect of adaptation on motion 
processing. In this section we will look at the selectivity of adaptation for area V1, 
since it is the first area in the primate brain showing direction selectivity, and for 
area MT, since it shows the greatest proportion of DS-cells. Note however, that 
not only does direction selectivity occur at multiple sites in the primate brain, 
when adapting to motion you will most likely adapt to the other features of the 
adaptor as well. These would consist of for instance adaptation to the luminance 
of the stimulus at the level of the retina as well as contrast- and orientation 
adaptation at the cortical level. Although beyond the scope of this review, it is not 
unlikely that these forms of adaptation interact, making it difficult, if not 
impossible, to isolate adaptation effects to any particular feature. 
 
3.3.1 Adaptation in V1 

V1 neurons show selective, or tuned, responses to multiple features, 
including position, orientation, spatial frequency, direction and speed. Note that 
neurons will respond selectively to multiple features and that the preferred 
feature values are heavily interdependent (Figure 4). The neurons’ responses, 
however, do not only vary with the features of the stimulus but also with the 
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presentation duration of this stimulus (Maffei, Fiorentini, & Bisti, 1973). After a 
few seconds of stimulation, a V1 neuron would requires more contrast to evoke 
the same amount of responses (e.g. spiking rate). The reduction in 
responsiveness is greatest when the adaptor and test-stimulus are highly similar 
(Albright, Farrar & Hamilton, 1984; Crowder et al., 2005). As noted before, 
adaptation to a preferred stimulus results in hyper-polarization of the neurons’ 
membrane, resulting in their reduced excitability. Interestingly, even though 
adaptation to their anti-preferred stimulus also decreased the neurons’ firing rate 
(although much less than after adapting to its preferred stimulus), this did not 
result in hyper-polarization (Carandini, Movshon & Ferster, 1998; but also see 
Dragoi, Sharma & Sur, 2000). Moreover, the membrane actually shows some 
depolarization. This depolarization after adaptation to the anti-preferred direction 
is a rather fascinating paradox since overall spiking rate is reduced. Although first 
suggested to be pre-synaptic in origin (Carandini & Ferster, 1997), consequent 
research argues the mechanisms resulting in hyper-polarization are intrinsic to 
V1 neurons (Sanchez-Vives, Nowak & McCormick, 2000). Long lasting activation 
of V1 neurons results in the activation of sodium-gated potassium channels. 
Opening these channels then leads to hyper-polarization of the cells’ membrane. 
This effect could be evoked by either visual stimulation or depolarizing current 
injections (Sanchez-Vives, Nowak & McCormick, 2000).  

The degree to which a V1 neuron adapts also depends on its cell type. V1 
complex cells displayed a greater reduction of initial firing rate than simple cells 
did (Sanchez-Vives, Nowak & McCormick, 2000). One possible explanation for 
this would be that both simple and complex cells can adapt but since complex 
cells receive their input from simple cells (Hubel & Wiesel, 1962) they inherit the 
adaptation from their afferents as well.  
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Figure 4: 
A schematic representation of a V1 simple cell receptive field. The grey flanks represent 
inhibitory regions of the receptive field. The central oval containing plusses indicates the 
excitatory region of the receptive field. Axis A follows the preferred orientation of the cell. 
The width of line B indicates the preferred spatial frequency. Note that the cell can only 
show this spatial frequency preference if it is part of an oriented stimulus that can 
activate the cell. Axis C is orthogonal to axis A. Along this axes is the preferred motion 
direction. For this example, whether preferred direction is left- or right-ward, depends on 
the relative strengths of the two inhibitory regions, as explained in section 2.3. 
 
3.3.2 Adaptation in MT 

Adaptation to motion causes a direction-specific decreases in activity in 
area MT (van Wezel & Britten, 2002). This adaptation effect is thought to lead to 
the experience of a MAE. Not only a selective decrease in firing rate after 
adaptation to a preferred stimulus has been found for MT. At least one study has 
shown an enhancement of responsiveness of DS MT-cells to subsequent 
stimulation by the preferred direction after adaptation to the null-direction 
(Petersen, Baker & Allman, 1985). However, neither van Wezel and Britten 
(2002) nor Kohn and Movhson (2004) found such an enhancement effect after 
adaptation to the anti-preferred direction. Unfortunately, differences in stimuli as 
well as adaptation paradigm make comparisons between these studies difficult. 
However, the enhancement effect does correspond nicely to the depolarization 
found for V1 neurons after anti-preferred adaptation. This would then suggest 
that this effect was inherited from V1. The inheritance of adaptation effects from 
V1 to MT will be discussed more profoundly at the end of this section.  
 Not only do MT-cells decrease their response rate after adaptation, recent 
evidence suggested the cells might actually change their tuning functions. Kohn 
and Movhson (2004) studied adaptation effects in MT neurons of the macaque. 
They found that, after 40 seconds of adaptation to the preferred direction, MT-
cells most notable changed in their tuning bandwidths (Figure 5A-B). Although 
the cells preferred direction and responsiveness changed only slightly, adaptation 
narrowed the tuning bandwidths of the cells to about half the pre-adaptation 
width. When cells were adapted to directions on the flank of their tuning 
functions, at least 20° away from the preferred direction, responses to stimuli on 
the adapted flank were only modestly reduced. However, there was a substantial 
reduction in the responsiveness of the other flank. The results for the cells tuning 
functions were horizontal shifts towards the direction of the adaptors. The 
average of the shifts was 9.3° (Figure 5C-E). The direction tuning bandwidths 
were also reduced after flank adaptation although the effect was much weaker 
than for adaptation to the preferred direction. The narrower bandwidth and 
horizontal shifts towards the adapters’ direction suggest MT-cells become more 
specialized for processing the environments dominant motion signal allowing the 
cells to become more sensitive to small deviations from the mean motion 
direction.  
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Figure 5: 
Examples of the effect of adaptation on the direction-tuning functions of MT cells (from 
Kohn and Movhson, 2004). Open circles depict tuning functions before adaptation, filled 
black circles after adaptation. The dashed lines indicated the baseline responses of the 
cells. X-axes indicated the direction in degrees and Y-axes represent the frequency of 
the cells’ responses. Arrowheads indicate the direction of the adaptor. A and B show the 
effects of adaptation to the preferred direction on the tuning curves for two different MT 
cells. Note that the widths of the tuning functions decrease after adaptation. For 
adaptation to a direction on the flank of the cells’ tuning curve (C, D & E), the decrease 
in tuning bandwidth is less clear. However, a clear shift of the preferred direction of cells 
towards the direction of the adaptor is seen. Note that C & D represent data from the 
same cell adapted to directions located on opposite sides of its tuning curve.  
  
 An important question concerning motion adaptation in area MT is whether 
it is actually MT that is adapting to the presented motion or that adaptation effects 
found for this area are actually inherited form earlier DS areas like V1. To 
dissociate between the relative distributions of these areas, Kohn & Movhson 
(2003) looked at spatial specificity of adaptation and related this to the receptive 
field size of the different areas. Since receptive field size at any given eccentricity 
is smaller for V1 then MT, spatially specific adaptation effects found for MT 
neurons would suggest that adaptation in this area is inherited form V1 (or 
another DS area with smaller receptive fields than MT which projects to it). When 
the adapting and test stimuli were presented in the same location of the MT 
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receptive field, responses to the test stimulus were reduced. However, when the 
test stimulus was presented in a different sub-region of the MT receptive field 
than the adapting stimulus, responses were largely unaffected. This suggested 
the adaptation effects are not intrinsic to MT. However, adaptation duration 
appears to be critical. The spatial specificity effect of MT adaptation was found 
after rather long adaptation periods (40 s). The results after brief adaptation are 
radically different. When a MT cells is stimulated for only 67 ms in one location of 
the receptive field, responses to the same direction of motion are reduced for any 
location within the cells receptive field (Priebe et al., 2002; Figure 6). This does 
not only shows the extents and limits of adaptation in MT are still unresolved, it 
also implies that adaptation can qualitatively differ over time.  
 

 
Figure 6: 
A schematic representation of the effect of adaptation duration on MT cells. The large 
upper circle represents the receptive field of a MT cell. The smaller circle inside the 
receptive field represents the adaptor and its location within the receptive field. The two 
lower circles represent the same MT cells’ receptive field after different adaptation 
durations. The grey areas represent the locations within the receptive field that are 
affected by adaptation. When the adaptor is presented for only 67 ms, the entire 
receptive field is affected by adaptation (Priebe et al., 2002). This suggests the 
adaptation effect is intrinsic to MT. However, after 40 seconds of adaptation, only the 
area of the receptive field corresponding to the location of the adaptor is affected (Kohn 
& Movhson, 2003). In contrast to effects after brief adaptation durations, this spatially 
specific adaptation effect must rely on direction-selective areas with smaller receptive 
fields that innervate MT, such as V1.  
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4. Temporal dynamics of adaptation 
 
 Adaptation does not happen in an instant. By definition, adaptation takes 
time. In this section the temporal dynamics of adaptation are discussed. 
Important questions here are: (i) When does adaptation start? (ii) How does it 
develop? 
 
4.1 Adaptation onset 
 The minimal duration of an adaptation period to see any changes in neural 
response properties can vary from a few milliseconds to periods of several 
seconds. An example of rapid changes in response properties can been seen in 
the cat V1 (Dinse et al., 1990). Dinse and colleagues have show that within the 
first 60 ms of firing, more than half of the V1 cells are hardly orientation selective. 
However, from 60 to 100 ms after stimulus onset, these same neurons become 
progressively orientation tuned. This shows a change in the tuning function after 
prolonged stimulation, different but comparable to the results shown by Kohn and 
Movhson (2004). The important finding here is a time dependent change in 
response properties of the neurons. A clear demonstration of rapid adaptation 
has been shown by Muller et al. (1998). After only 500 ms of stimulating a V1 cell 
by its preferred orientation subsequent presentation of orientation 1-3 seconds 
later led to a reduced response. These results show that the onset of adaptation 
in V1 starts almost immediately, with measurable effects on the cells response 
properties within the first 500 ms. The onset of adaptation is not the same for all 
cells. While 500 ms may be sufficient to show adaptation effects in V1 cells, not 
all neurons respond that fast to ongoing stimulation. Fast-spiking neurons, which 
are a specific class of inter-neurons, do not show any change in their outputs 
within the first 500 ms of stimulation (Descalzo et al., 2004). Although this finding 
previously led to the conclusion that these cell could not adapt, Descalzo and 
collogues show that they can. They found that the requirement for adaptation of 
these cells involved tens of seconds of stimulation before any effects occurred 
(Descalzo et al., 2004).  
 
4.2.1 Adaptation rate 
 The time course of adaptation can vary through hierarchical structures of 
the visual system. For instance, LGN cells show a slower decrease in firing rate 
to a high contrast adaptor compared to simple and complex V1 cells (Sanchez-
Vives, Nowak, & McCormick, 2000). Simple and complex cells however, did not 
appear to differ in their adaptation rate. It was previously noted (section 4.2.1) 
that complex cells show more adaptation (a greater decrease in spiking rate), 
than simple cells and that this suggests that both might be able to adapt with 
complex cells inheriting the adaptation from simple cells. However, since the time 
course of adaptation is almost exactly similar, all of the adaptation in complex V1 
cells might be due to simple cell adaptation effects. Since many complex V1 cells 
show motion-opponency, they are though to receive inputs from at least two 
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types of DS-cells; those with opposing preferred directions. The increased effect 
of adaptation of complex cells might reflect the idea that while the excitatory 
inputs (from DS-cells with the same preferred direction) to these cells decrease, 
due to adaptation, their inhibitory inputs (coming from DS-simple cells with 
opposing preferred direction) stay relatively stable (since they so much less 
adaptation to the anti-preferred direction). This would lead to an increased 
adaptation effect in complex V1 cells that does not involve mechanisms of 
adaptation intrinsic to these cells.  
 
4.2.1 Statistical adaptation 

Adaptation rate may not only depend on cell type. Recent evidence argues 
for a role of the statistical distribution of motion signals in the current, as well as 
the previous, visual environment (Wainwright, 1999; Fairhall et al., 2001). This 
approach to the different rates of adaptation is one based on information theory. 
Within this theoretical framework, two assumptions are important for the present 
discussion: (i) neural codes constitute an efficient representation of the sensory 
world and (ii) efficient coding requires matching the coding strategy to the input 
signals. A recent study by Fairhall and colleagues (2001) argues that the time 
scale of adaptation is dependent on the statistical distribution of the input signals. 
Fairhall and colleagues (2001) measured adaptation effects in motion sensitive 
cells of the fly. Their results show that the rate with which these motion cells 
change their spiking rate is depend on the variance in the current as well as the 
previous motion signal (e. g. the distribution of probabilities of encountered 
motion directions). If the new stimulus distribution has a small variance that 
overlaps greatly with the distribution of the previous stimulus, adaptation takes 
longer than when the distribution are less similar. This suggests the speed of 
adaptation is limited by the time it takes to recognize the presence of a new 
stimulus distribution. Fairhall et al. show that this effect has two components. The 
first component involves rapid (within tens of milliseconds) adaptation of the 
input-output relation of the cell, e.g. the probability of firing of the cell based on 
the same input. The second component is much slower, operating over several 
seconds. This component involves the adaptation of the firing rate. As noted 
above, the variances of the preceding and current stimulus distributions affect 
this adaptation rate. Moreover, Fairhall et al. (2001) show that the frequency of 
changes in the stimulus distributions also influences the speed of firing rate 
adaptation with this being scaled to match the frequency of stimulus changes. 
These results illustrate the complexity of the temporal dynamics of adaptation.  
 
4.2.2 Psychophysics of temporal aspects of adaptation  
 The perceptual consequence of motion adaptation is the motion aftereffect 
(MAE). Note that this description is either not completely correct or 
oversimplified. Another description would be that the MAE is the perceptual 
consequence of going from a visual environment with a dominant motion signal in 
one direction into either: (i) a visual environment with another dominant motion 
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signal or (ii) one lacking motion altogether. In that view, the MAE would be a 
combination of being adapted (to the previous environment) and adapting (to the 
new environment). Although not the goal of their study, this is actually what we 
see in the results of Verstraten and colleagues (1994).  First of all, they have 
shown that longer adaptation times lead to longer MAEs (Verstraten et al., 1994; 
Figure 7). However, since neural fatigue has been excluded as an explanation of 
the MAE, why then would MAE duration be related to adaptation duration? The 
suggestion that the frequency of changes in the stimulus distributions influences 
the adaptation may be able to explain the duration of MAEs. Longer adaptation 
times also mean a lower frequency in the changes of the stimulus distribution 
simply because the adaptation duration is also the time in takes from the first 
stimulus change to the onset of the next stimulus change. If the frequency of 
changes is low, adaptation rate is low. Since adaptation to the new stimulus 
distribution is slowed down, the perceptual after effects of the previous state are 
witnessed longer.  

 
Figure 7: 
Data from Verstraten and collogues (1994) showing the dependence of adaptation time 
(X-axes) on the duration of the MAE (Y-axes). Squares represent data from observer 
WD and circles from observer FV. For each observer, two MAEs are shown, each with a 
different direction (see legend in lower right corner). Note that for both observers and 
MAE-directions the dependence on adaptation time is very similar. Absolute MAE 
duration is clearly variable among observer although highly replicable for different 
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directions within observers. One outstanding question is whether these data show the 
duration of recovery from adaptation or the time it take to adapt to a lack of motion.  
 
 Verstraten et al. (1994) have also shown that after adapting to one motion 
signal (MS1) for 60 seconds immediately followed by adaptation to a second, 
orthogonal motion signal (MS2) leads to a mixed MAE of the two motion signals 
when viewing a stationary pattern afterwards. The direction of the MAE 
depended on the duration of MS2, with longer exposure times leading to a MAE 
direction closer to that expected from the MS2’s direction. This also shows that 
the new adaptive state (adapted to MS2) is build from the previous adapted state 
(to MS1). Moreover, the effect of the MS1 on the MAE of MS2 was much longer 
than expected from the duration of the MAE for only MS1. This phenomenon of 
increased MAE duration is referred to as storage and had previously only been 
shown when a test pattern is not immediately or not continuously presented after 
adaptation (Wiesenfelder & Blake, 1992; Spigel, 1960, 1962, 1964). As noted 
above, the statistical approach to adaptation suggests that the speed of 
adaptation is related to the time it takes to recognize a new stimulus distribution. 
Both delayed onset and non-continuous presentation of a test pattern (e.g. new 
distribution) can be argued to retard the recognition of a new stimulus distribution 
by either delaying or decreasing, respectively, information on the new stimulus 
distribution. Adaptation would thus be slower. When the rate of adaptation is 
slowed down, the effect of the baseline (of the previous stimulus distribution) 
persists longer. Does this idea hold for the storage effect seen in the Verstraten 
et al. study? For that study, the statistical approach would predict that any MAE 
following MS2 is positively related to the duration of MS2 since short MS2 
durations mean high frequency changes in the stimulus distributions leading to 
fast adaptation resulting in fast recovery (which is actually adaptation to static) 
and vice versa. Unfortunately those data are not available at the current time.  
 
4.3 Sensitivity over time 

The previous section touched upon psychophysical results concerning the 
rate of adaptation. However, psychophysics can also offer a tool to measure 
another aspect of the temporal dynamics of adaptation: sensitivity over time while 
adapting to a new environment. As noted above, neurons can adapt very rapidly 
to changes in visual input and adaptation effects have been shown after 
adaptation durations as short as 500 ms. How does this relate to perceptual 
sensitivity? Recent psychophysical evidence has shown that, depending on 
adaptation duration, adaptation to motion can bias perception of an ambiguous 
motion signal in either the same or opposite direction (Kanai & Verstraten, 2005). 
When the adaptor was presented for only 80~160 ms, an ambiguous motion 
signal was perceived as moving in the same direction as the adaptor, suggesting 
increased sensitivity for that direction. This motion-priming effect has been shown 
to rely on area MT (Campana, Cowey & Walsh, 2002; Campana, Coway & 
Walsh, 2006; Campana, Pavan & Casco, 2008). Note that Priebe and collogues 
(2002) showed adaptation effects intrinsic to MT for similarly brief adaptation 
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durations. This suggests that a decrease in neural responsiveness (Priebe et al., 
2002) can be accompanied by increased sensitivity (Kanai & Verstraten, 2005). 
Longer adaptation durations (320~640 ms) did not result in priming. After such an 
adaptation period, the ambiguous stimulus was perceived to move in the 
direction opposite of the adaptor (Kanai & Verstraten, 2005). This suggests a 
decrease in sensitivity for the adapted direction.  

Preliminary results of a current pilot study in our lab show the temporal 
dynamics of motion sensitivity during adaptation to optic flow. In this study 
observers adapted to an optic-flow dot stimulus for 32 seconds. During 
adaptation observer performed a discrimination task where they had to report 
whether a moving-dots probe was presented at the left or right side of the screen. 
Between trials, observers recovered from adaptation and were instructed to start 
a new trial when any MAE had ceased. During the trials, the presence of the 
probe was signaled by a change in color of the fixation cross, notifying observer 
to make a forced-choice on the probe’s location. The 75% correct threshold was 
determined using the Quest procedure that varied the number of probe dots. 
Sensitivity was measure at 12 points in time. The task was done for both probe 
dots moving in the same direction as the flow as well as for the opposite direction 
in a blocked design. Results (Figure 8) show that initially, sensitivity for motion in 
the opposite direction is higher than for the same direction of flow. Over time 
however, this difference in relative sensitivity disappears. Sensitivity for the 
motion signal in the same direction as the flow becomes greater over time while 
sensitivity for the opposite direction to the flow decreases. Importantly, sensitivity 
for the two probes does not appear to differ after about 20 seconds of adaptation. 
Our pilot data suggests that adaptation serves a recalibration function whereby, 
in a moving environment, sensitivity for different directions is made equal, 
resulting in the best overall sensitivity. However, note that these results are very 
preliminary and, although replicated multiple times within observers, cannot yet 
be used as conclusive evidence.  
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Figure 8: 
Results from a current pilot study. On the x-axis is time of onset of the motion probe 
during continuous presentation of optic flow. On the y-axis is the number of dots needed 
to discriminate the location of the probe correctly in 75% of the trails. Results suggest 
that while sensitivity for motion probe of the opposite direction to the flow decrease 
during adaptation, sensitivity increases over time for motion probes with the same 
direction as the flow.  
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5. Explaining perceptual effects of motion adaptation 
 
 How can we combine the results summarized so far to explain the MAE? 
Previous explanations of the MAE have focused on the change in response 
properties after prolonged exposure to motion. We will briefly review the two 
currently dominant theories and evaluated them in light of the above-presented 
results.  
 
5.1 Current explanations of the MAE 
 The dominant explanation of the MAE involves the relative responses of 
differently tuned direction selective cells. As originally suggested by Sutherland 
(1961), the motion direction perceived is thought to reflect the ratios of firing rates 
of differently tuned motion detectors. After adaptation, decreased responsiveness 
of cells coding the adaptors’ direction would change the spiking ratios in favor of 
the opposite direction when viewing a stationary pattern. Note that in this 
explanation, none of the direction selective cells are active above baseline. The 
percept of motion is thus thought to involve only a decrease in responsiveness. 
An alternative explanation involves disinhibition. This theory suggests motion-
tuned cells for opposite directions inhibit each other. Consequently, the 
attenuation of the baseline-spiking rate of neurons tuned to an adaptors’ direction 
results in release of inhibition of cells tuned to the opposite direction of motion. In 
this theory, it is then suggested that it is enhanced activity, through means of 
disinhibition, which results in the percept of illusionary motion.  
 The results reviewed in the manuscript suggest both processes may play 
a role but at different levels of motion processing. In agreement with Sutherlands 
(1961) approach, MT cells tuned to the direction of the adaptor do show a 
decrease in activity after adaptation but cells tuned to the opposite direction do 
not show an increase in activity (van Wezel & Britten, 2002; Kohn & Movhson, 
2004; but also see Petersen, Baker & Allman, 1985). The lack of increased 
activity of cells tuned to the direction opposite of the adaptor suggests the 
disinhibition approach is not applicable for MT. Although previous neuro-imaging 
studies indicated increased activity in MT when perceiving a MAE (Culham et al., 
1999; He et al., 1998), a more recent fMRI study shows strong evidence that this 
increase is actually an attentional effect (Hulk, Ress & Heeger, 2001; but also 
see: Hautzel et al., 2001). Hulk, Ress and Heeger (2001) show that, when 
attention is controlled for, MT only has a directional selective decrease after 
adaptation. These results fit nicely with physiological findings on MT-adaptation 
(van Wezel & Britten, 2002; Kohn & Movhson, 2004). 
 Results for motion adaptation in V1 tell a more complicated story. 
Although cells tuned to the adaptor also show a decrease in response after 
adaptation, DS-cells tuned to the anti-preferred stimulus become depolarized 
(Carandini, Movshon & Ferster, 1998). Note that these results came from 
recordings of orientation-tuned cells and need to be replicated for DS-cells, 
however, the tight link between orientation- and direction- selectivity in V1 
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suggest results will be similar. However, although Carandini and colleagues show 
depolarization of V1 cells, they also reported a decreased response rate. Note 
however that the reduction was less than found for cells tuned to the adaptor. 
The decreased response rate after anti-preferred adaptation is rather unexpected 
in light of the reported depolarization. However, subsequent research, also 
recording from orientation-tuned V1 cells, found response enhancement after 
adaptation to the anti-preferred stimulus (Dragoi, Sharma & Sur, 2000). These 
findings suggest that, for V1, disinhibition of oppositely tuned cells may be a 
more likely explanation of the MAE.  
 The important missing link may be how we become conscious of motion. 
Note that selectivity or tuning to motion is not the same as coding motion 
perception. Recently an important role for feedback to V1 in perception has been 
shown (Pascual-Leone & Walsh, 2001; Lamme, 2001; Hochstein & Ahissar, 
2002). Transcranial magnetic stimulation (TMS) of MT results in the perception of 
moving phosphenes. Interestingly, Pascual-Leone and Walsh (2001) found that, 
when V1 was disrupted with TMS at the time of the arrival of MT feedback, the 
quality and quantity of such phosphenes was reduced (Pascual-Leone & Walsh, 
2001). More specifically, disrupting V1 shortly after MT stimulation resulted in a 
decrease in the number and vividness of the perceived phosphenes compared to 
stimulation of MT alone. TMS to V1 before MT stimulation had no effect on the 
phosphenes. This implies an important role for MT feedback to V1 in visual 
awareness of motion. Note that this is very relevant for the MAE since it is a 
purely perceptual effect and does not require any motion signals in the presented 
stimulus. In the next section an alternative explanation of the MAE is given based 
these recent ideas on visual consciousness.  
 
5.2 A possible role for feedback in the MAE 
 Early functional imaging investigation of the MAE primarily indicated the 
involvement of area MT (Tootell et al., 1995). More recent results show a more 
distributed network involving both V1 and MT among other areas (Hautzel et al., 
2001; also see Mather et al., 2008 for a review). The results discussed so far 
suggest a very important role for V1, including MT feedback to this area, in 
perceiving such illusionary motion. First of all, as discussed above, much of the 
adaptation effects shown for MT may be inherited from V1. MAEs require several 
seconds of preceding adaptation. However, as noted earlier, only when 
preceding stimulation is very brief does MT show adaptation effects that are 
invariant to the location of the adaptor with the cells’ receptive field (Kohn & 
Movhson, 2003; Priebe et al., 2002). With longer presentation times, adaptation 
effects of MT-cells are spatial specific suggesting the effects are actually 
inherited from an area projecting to, and have smaller receptive fields than, MT. 
V1 is such an area. Second, MEG studies investigating the temporal order of 
brain responses to motion have shown that V1 is activated first followed shortly 
by MT (Prieto et al., 2007). However, motion processing is not only feed forward. 
After the responses by MT, V1 is activated again. Shortly after this 2nd V1 
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response, MT is also activated a second time. Although the 2nd V1 response 
precedes the 2nd MT response, they peak at the same time (Prieto et al., 2007). 
Third and related, this feedback to V1 has been argued to be necessary for 
perception (Pascual-Leone & Walsh, 2001; Lamme, 2001, Hochstein & Ahissar, 
2002). Last but not least, important for the discussion of the V1’s role in the 
perception of MAEs are the previously discussed single cells responses of V1 
after adaptation. In V1, adaptation to the preferred direction results in hyper-
polarization. However, adaptation in anti-preferred direction results in 
depolarization and most likely an increase in spiking rate. Note that a DS-cells’ 
anti-preferred direction is opposites its’ preferred direction. This means that after 
adaptation to upward motion, V1 cells selective for an upward direction become 
hyperpolarized while cells responsive to downward motion become depolarized. 
Correspondingly, the MAE resulting from this adaptation is downward. We are 
not suggesting V1 is sufficient for the MAE. Rather, one possible explanation is 
that, after adaptation, V1 becomes more responsive to feedback from MT. 
Responses from MT-cells selective to the direction of the adaptor are reduced 
after adaptation, suggesting feedback to V1 from these cells is reduced as well. 
MT-cell selective to the opposite direction of the adaptor are little affected after 
adaptation, suggesting feedback to V1 from these cells remains rather similar. 
However, in V1 cells selective to the direction opposite of the adaptor are 
depolarized. Feedback from MT may now cause these cells to fire since their 
spiking thresholds are reduced. In turn, this can result in the synchronous activity 
of V1, caused by MT-feedback, and a second MT response. Note that this would 
be a similar activation pattern as that found by Prieto et al. (2007) for normal 
motion perception. Previous findings then suggest this may results in perception 
(Pascual-Leone & Walsh, 2001; Sack et al., 2006; Prieto et al., 2007). More 
specifically, perception of motion that is opposite to what is adapted to. A 
schematic representation of the involvement of feedback in the MAE is presented 
in Figure 9. 
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Figure 9:  
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A schematic representation of the involvement of feedback in the perception of the MAE. 
On the left are the presented stimuli. In the middle, the circles represent V1 and MT cells 
with their preferred direction indicated. The arrows represent feedback signals. At the 
end of each arrow, a plus or minus sign indicates whether the signal is excitatory or 
inhibitory respectively. The thickness of the arrows indicated the strength of the 
signaling. On the right, the relation among the signal strengths is indicated along with the 
resulting percept. When presented with a stationary stimulus, the signaling strength is 
similar for all connections, effectively balancing out the motion signal resulting in the 
perception of a static stimulus. When upward motion is presented, the activity for 
downward selective cells increases resulting an imbalance in the feedback as well, 
ultimately leading to feed forward signals from V1 to MT and synchronous V1/MT 
activity. Upward motion is now perceived. When after this adaptation a static stimulus is 
presented again, the reduced activity in upward selective MT cells results in a relative 
dominance for feedback from downward selective MT cells. With a depolarization of V1 
downward selective cells, the MT feedback can excite these cells, leading to the 
synchronous activity of the downward selective MT and V1 cells. The resulting percept is 
now a downward MAE. 
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6 Food for Thought: A functional role for adaptation and unresolved issues 
 
 The studies and evidence present in this review argue for a functional role 
of adaptation. Many scientists in the field of adaptation agree that adaptation may 
serve to match the current neural signaling to the current environment to keep 
sensitivity maximal for very different environmental conditions (Wainright, 1999; 
Clifford & Ibbotson, 2003; Sharpee et al., 2006; Fairhall et al., 2001). In this way, 
adaptation serves to recalibrate the visual system to current conditions. In the 
introduction of this review, the fascinating case of light/dark adaptation was 
mentioned. For this kind of adaptation, the functional benefits are clear: without 
luminance adaptation we would be blind. Motion adaptation does not appear to 
have such dramatic benefits. Although assumed to result in efficient processing 
(Sharpee et al., 2006), motion adaptation involves costs as well (see Clifford & 
Ibbotson, 2003). For instance, as discussed below, absolute information on 
motion may be diminished. This leads to some difficulty in interpreting to 
functional benefits of adapting to motion. 
 Increasing sensitivity may seem like a paradox when the most consistent 
finding in neuro-physiology is a decrease in response rate over prolonged 
stimulation. However, it does not have to be. Cells have a maximal firing rate. 
When a system has such a limitation, firing rate can be modulated most from the 
point at half max. If prolonged stimulation would be accompanied by a 
maintained high response rate, there would only be a relatively small increase in 
signaling rate possible. Decreasing response rate thus allows for greatest range 
of response modulation (Figure 10). Moreover, as note earlier, although a brief 
exposure to motion can decrease responsiveness of area MT (Priebe et al., 
2002), similar exposure durations can result in motion priming (Kanai & 
Verstraten, 2005). Note that motion priming also relies on MT (Campana, Cowey 
& Walsh, 2002; Campana, Coway & Walsh, 2006; Campana, Pavan & Casco, 
2008). Another interesting point regarding functional benefits of adaptation 
comes from the results from Kohn and Movshon (2004) showing a decrease in 
direction tuning bandwidth after adaptation to their preferred direction for MT-
cells. Decreasing the tuning bandwidth of a cell means the cells responses 
become more specific to its preferred stimulus. Similar results have been found 
for adaptation to motion speed (Krekelberg, van Wezel & Albright, 2006). After 
adaptation to motion, Krekelberg and colleagues did not only find the typical 
reduction in MT responsiveness, they also found that the width of the speed 
tuning curves was decreased. These changes were accompanied by a decrease 
in perceived speed and an improvement in speed discrimination. These results 
suggest adaptation led to a sacrifice of the absolute speed for an increased 
sensitivity in the relative speed.  
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Figure 10: 
A schematic representation of signaling possibilities at different response rates for 
motion sensitive cells. The X-axis represents response rate with 0 being the minimal and 
1 being the maximum of the cells response frequency. On the X-axis, three different 
response situations are presented. In situation A, the cell is firing at a frequency near is 
maximal rate. Situation B shows the opposite with the cells response rate near its 
minimum. In both these cases, information processing is limited since these cells only 
have a small possibility in respectively increasing or decreasing their response rate. The 
cell shown in situation C has the greatest possible freedom for increasing as well as 
decreasing its response rate. This simple concept may reflect how a decreased 
response rate can increase sensitivity. 
 
 The temporal dynamics of adaptation also argue for a functional role. 
Apparently the recent history in environmental changes is somehow recorded to 
make sure the rate of adaptation is highest when environmental changes occur 
more frequently. This strategy leads to fast adaptation when the likelihood of a 
different stimulus distribution in the visual environment is high. When likelihood is 
low, adaptation is slower. This strategy appears to results in spending the 
maximum amount of time adapted to the most likely stimulus distribution. With 
the temporal dynamics of adaptation suggesting it strives to adapt as fast and 
accurately possible, the benefits of adaptation appear to outweigh the costs.  
 Ultimately, evidence for a functional role of adaptation would involve some 
measure of perceptual sensitivity. Unfortunately, measuring sensitivity ‘after’ 
adaptation may confound such results. When a new stimulus is presented after 
adapting to a precursor stimulus, are you not adapting to the new stimulus as 
well? For this reason we argue that sensitivity should be measured during 
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adaptation, e.g. during the presentation of the adaptor. We are constantly 
adapting, there are no un-adapted states. Whether we are moving in one 
direction or in another or even not moving at all, we constantly sample our 
environment. We always adapt to the current visual environment, whether it is 
adaptation to movement or to lack of movement, light or dark, orientation or 
spatial frequency. The important point here is that when we experience an 
aftereffect, motion or other, we are not simply experiencing the consequence of 
‘having been adapted’ to a certain stimulus distribution, we are experiencing a 
change in what we are adapted to. 
 
 
Outstanding questions: 
Can disruption of feedback from MT to V1 cells eliminate MAEs? 
 Previous experiments on the role of feedback to V1 in perception either 
presented stimuli on screen or induced phosphenes with TMS. It is of yet unclear 
whether illusionary percepts show the same reliance on feedback. We believe 
they will since there appears to be no reason for the perception of illusions to be 
subject to different ‘rules’. However, one could investigate whether feedback to 
V1 is sufficient or whether a second response of MT, based is this feedback is 
needed as well. Also, Do the 2nd V1- and 2nd MT- response, as described by 
Prieto et al. (2007; discussed in section 5.2) need to peak simultaneously for 
perception? 
 
Can we show a systematic increase in V1 activity during the perception of 
MAEs? If so, can we distinguish this from attention effects? 
 The controversies involving MT’s role in the MAE (see sections 5.1 and 
5.2) appears to have shifted attention away from V1. Physiological evidence 
(section 5.1) suggests that certain V1 cells increase their responses during the 
MAE. Unfortunately, other cells are predicted to decrease their response rate. 
This makes investigation with functional imaging very difficult (also see 
Krekelberg, Boynton & van Wezel, 2006). Imaging of MT is less affected by this 
problem due to its organization; with similarly tuned cells located more closely 
together than differently tuned cells. With strong evidence supporting the idea 
that attention may confound measurements of MT activity during MAEs, 
physiological studies need to test whether the same is true for V1. Increases in 
activity of V1 cells after adaptation may be eliminated when attention is controlled 
for. If this is so, the disinhibition account of MAEs (section 5.1) will not hold.  
   
Are any other brain areas showing increased activity during MAEs? 
 Yes, there are (Hautzel et al., 2001; Mather et al., 2008). However, it is 
unclear what the relative contributions of these areas are. Moreover, are these 
areas still active when attention is controlled for? Also, what are the latencies of 
the responses of the areas? Further investigations need to resolves these issues 
for these areas may prove to play important roles in visual awareness since 
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MAEs are a powerful tool for studying visual awareness without visual 
stimulation. 
 
Do we indeed become more sensitive to certain directions of motion during and 
after adaptation? 
 A functional account of adaptation requires behavioral data showing some 
sort of improvement during adaptation. Unfortunately, psychophysical data 
showing the temporal dynamics of sensitivity during adaptation are currently very 
limited at best. Although some improvements after adaptation have been shown, 
the development of these through time is unknown. Measuring sensitivity during 
adaptation also avoids a potential confound. Assuming the process of adaptation 
is a constant factor in vision, measuring sensitivity after adaptation to one 
stimulus means you are also adapting to the new stimulus. Adapting to the 
conditions of this ‘post-adaptation’ stimulus may reduce performance on a 
sensitivity test, eluding the functional benefits of adapting.  
 
Will increasing the frequency of changes in the stimulus distribution lead to faster 
adaptation at the psychophysical level? If so, can we relate this adaptation rate to 
the time it takes to ‘recover’ from adaptation? 
 According to suggestions from information theory, rapid changes in the 
visual environment should increase the rate of subsequent adaptation. 
Unfortunately, there is currently no behavioral data supporting this claim. 
Psychophysical experiments testing this idea may prove to be invaluable for a 
better understanding of both the temporal dynamics, as well as the functional 
benefits, of adaptation. In this review we suggested there might be no such thing 
as recovery of adaptation, but only adaptation to a new visual environment. If 
psychophysical experiment can indeed be constructed in such a way that 
adaptation rate is increase, similar experiments can be used to test if recovery 
rate can be manipulated in the same way as, and shows a strong correlation 
with, adaptation rate.  
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