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Abstract

Prolonged exposure to motion in one direction often leads to the illusion of motion in the opposite direction for
stationary objects. This motion aftereffect likely arises across several visual areas from adaptive changes in the
balance of activity and competitive interactions. We examined whether or not the mouse was susceptible to this
same illusion to determine whether it would be a suitable model for learning about the neural representation of the
motion aftereffect. Under a classical conditioning paradigm, mice learned to lick when presented with motion in
one direction and not the opposite direction. When the mice were adapted to motion preceding this test, their lick
behavior for zero coherence motion was biased for motion in the opposite direction of the adapting stimulus.
Overall, lick count versus motion coherence shifted in the opposite direction of the adapting stimulus. This
suggests that although the mouse has a simpler visual system compared with primates, it still is subject to the

motion aftereffect and may elucidate the underlying circuitry.
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Significance Statement

The motion aftereffect is a well-known illusion that provides insight about motion processing and adaptation
throughout the visual system. We demonstrate that motion discrimination in mice is affected by extended
viewing of coherent motion, in a manner consistent with the effects reported in primates. The mouse model
currently offers unprecedented experimental tools for studying neural circuitry and our results support the

mouse as a model to study this phenomenon.

Introduction

Prolonged exposure to sensory stimuli induces system-
atic changes in the way that we perceive the world. One
such change in our perception is the “waterfall” illusion, in
which we perceive motion of stationary objects right after
observing moving objects for an extended period. This
perceived motion is in the opposite direction of the mov-
ing objects. Observing the downward movement of a
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waterfall causes surrounding stationary objects to appear
as if they are moving upward (Addams, 1834). The neural
basis of this motion aftereffect has been elusive but is
thought to reflect imbalance and competition in the re-
sponses of motion-selective neurons in multiple visual
areas (Anstis et al., 1998).

To explore the neural circuitry underlying the motion
aftereffect, we sought to develop a motion discrimination
paradigm in mice, because there is an array of transgenic
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mice that would allow us to manipulate and measure
individual circuit elements. Early attempts to train mice to
perform motion discrimination of opposite directions were
not successful (Douglas et al., 2006) though, suggesting
that perhaps motion information is processed in a distinct
manner from other mammals. One striking difference be-
tween mice and primates is the presence of a strong
functional organization in the visual cortex: rodents lack a
functional organization beyond retinotopy, whereas pri-
mates and carnivores have a columnar organization for
orientation, direction, and spatial frequency (Hubel and
Wiesel, 1962, 1968; Malonek et al., 1994; Girman et al.,
1999; Issa et al., 2000; Ohki et al., 2005; Nauhaus et al.,
2012). Although it is tempting to link this difference in the
organization of sensory information across species to
changes in motion processing, rats, which share the lack
a functional organization in visual cortex, are able to
perform motion discrimination tasks (Douglas et al,
2006). Additionally, a more recent study has demon-
strated that mice are able to discriminate motion in op-
posite directions using a different training paradigm
(Marques et al., 2018).

We set out to determine whether mice could discrimi-
nate motion using classical conditioning and to see
whether their report of motion depends on the recent
history of motion stimulation. We demonstrate here that
mice can accurately discriminate motion of opposite di-
rections and that their report is subject to the waterfall
illusion: e.g., prolonged visual stimulation with rightward
motion induces mice to report that leftward motion exists
for conditions in which no coherent motion is presented.
These results demonstrate that motion processing in the
mouse visual system, although differing in functional or-
ganization from primates, exhibit similar integrative and
competitive processes, which result in the illusion of mo-
tion to stationary stimuli following prolonged stimulation.

Materials and Methods

Preparation of animals

Two adult female C57BL/6 and two adult PV-Cre;ChR2
(1 male, 1 female) on a C57BL/6 background mice (4-18
months) were used in these experiments. To immobilize
the head during behavior, a titanium bar was placed on
the skull and secured with dental acrylic under isoflurane
(1-3%) anesthesia (Samonds et al., 2018). All procedures
were approved by the Institutional Animal Care and Use
Committee and conformed to National Institutes of Health
standards.

Visual stimuli

We used a DepthQ HDs3D2 projector (DepthQ/Light-
speed Design) with a refresh rate of 120 Hz at full HD
resolution (1920 X 1080), operating in gray-scale mode
(mean luminance = 59.75 cd/m?). Stimuli were either
rear-projected onto a polarization-preserving screen (Da-
Lite 3D virtual black rear screen fabric, model #35929) or
front-projected onto a silver polarization-preserving
screen (Severtson, SeVision 3D GX, 2.2 Silver). One pixel
subtended 0.1° at a viewing distance of 22 cm.
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Black and white dot motion stimuli of varying coher-
ence were generated using MATLAB (MathWorks) and
Psychtoolbox (Brainard, 1997). Each of 800 dots of 1° of
visual field in diameter were displayed within a 60° square
aperture in front of the mouse, appeared in random loca-
tions, and moved in a given direction for a dot lifetime of
six frames. The dot lifetime restricted the highest possible
coherence to 86% (Bischof et al., 1999). Each trial con-
sisted of a 3 s visual stimulation period and were sepa-
rated by an interstimulus period lasting 10 s plus a
random interval drawn from an exponential distribution
with a mean of 10 s. This random interval prevents the
mice from predicting the time point of reward delivery
(Khastkhodaei et al., 2016; Jurjut et al., 2017). During
preliminary motion discrimination training, we displayed
dots with 86% coherent motion and 100% Michelson
contrast during the stimulation period, and we presented
a mean gray screen during the interstimulus period. Dur-
ing motion aftereffect tests, we presented dots of varying
coherent motion ranging from 0 to 51% during 4 s of
stimulation with 100% contrast, and we presented 0%
coherent motion dots, 86% coherent leftward moving
dots, or 86% coherent rightward moving dots at 30%
contrast during the randomly timed interstimulus period.
There was a mean gray screen gap of 0.5 s between the
adaptation stimulus and the test stimulus conditions, and
a gap of 5 s following stimulation, in which a water reward
was delivered.

Training paradigm

All animals were water-restricted for 1 week before
training and the weights of the animals were maintained
within 30% of the original body weight (Guo et al., 2014).
The animals were acclimated to the training apparatus
during the restriction period. Animals walked on a floating
Styrofoam ball while they were head-fixed (Dombeck
et al., 2007). Classical conditioning was used to pair visual
motion to water delivery (Khastkhodaei et al., 2016; Jurjut
et al., 2017). Initially, we presented two different motion
conditions, upward and leftward, pairing leftward with a
water reward. Over a few weeks of training sessions, mice
associated the reward with leftward motion and began to
lick before the water being delivered at the end of stimu-
lation and only for the leftward moving stimuli. Once
trained to associate water with leftward motion, the mice
quickly adapted (typically less than a few days) to small
changes in the experimental paradigm (e.g., changes in
the direction of unrewarded stimuli, coherence, adapting
experiments). Licking was measured using a piezoelectric
sensor attached to the reward delivery system (Schwarz
et al., 2010; Khastkhodaei et al., 2016; Jurjut et al., 2017).
The water was delivered in a flexible catheter that would
bend upward and downward as the mouse licked. All
behavior was quantified as single lick events and lick rates
that were detected using a threshold based on the typical
output of the piezoelectric sensor. For each stage of
training, we gradually exposed the mice to any particular
change (direction of motion, coherence, adapter) some-
times combining the changes with the original conditions
until they were conditioned to the test stimuli.
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Figure 1. Experimental setup. A, Random-dot motion stimuli were projected in front of mice running on a floating track ball. A water
reward was given to mice following the presentation of only motion in the leftward direction. B, Licks were measured using a

piezoelectric sensor attached to the water delivery system.

Eye tracking

During all of the experimental procedures and training,
an IR camera recorded video of the eye movements at 30
Hz. An artificial eye with a diameter of 3.1 mm was used
to calibrate eye position estimates. Eye positions were
extracted (based on the center of the pupil) and analyzed
using custom MATLAB software (Samonds et al., 2018).
We did not find any changes in eye position or velocity
that correlated with the direction of motion of presented
stimuli because we used a motion speed (30 degrees/s)
outside of the range of measurable ocular kinetic reflex
gains in mice (Tabata et al., 2010).

Statistical analysis

Using the least-squares curve fit function in MATLAB,
we fit the following sigmoid function for all mean lick
counts (L) versus coherence (c) data:

1

e~b(c=co) tu (1)

L=WM-uw
1+

where M and u determine the vertical position of the
sigmoid (maximum and minimum lick counts), b deter-
mines the slope of lick counts with coherence, and c,
determines lateral position (bias) of the sigmoid (coher-
ence). This function was also used to fit a function for d’
versus coherence and an inverted sigmoid function was
used to fit a function for latency versus coherence. Con-
fidence intervals (Cls) and significance were estimated
using a bootstrap procedure. We resampled our datasets
randomly with replacement 1000 times to generate boot-
strap distributions. The 68% Cls (SE) were defined as the
resampled data corresponding to the (16, 84) percentile
range of the bootstrap distributions.
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Results

Here we examined whether sensory adaptation alters
the perception of motion in the mouse. We initiated our
experiments by first training animals to discriminate left-
ward and upward motion using classical conditioning
(Khastkhodaei et al., 2016; Jurjut et al., 2017) and then
slowly rotated the upward motion to the right until the task
was a leftward and rightward motion discrimination. Once
mice reached a criterion performance (d’ = 0.8) in this
task, we measured how the history of sensory stimulation
impacted their ability to discriminate these directions.

Training mice to discriminate opposite directions
Previous studies have reported that it is difficult to train
mice to perform direction discrimination tasks when the
motion directions are opposing whereas they can perform
tasks when the directions are orthogonal (Douglas et al.,
2006; Stirman et al., 2016). With these studies in mind, we
first paired a water reward with leftward motion and pre-
sented an upward motion stimulus without any reward.
We placed head-fixed mice on a ball floating on air (Fig.
1A) and measured the licking behavior of animals using a
piezoelectric sensor placed on a waterspout (Fig. 1B).
Motion stimuli were presented for 3 s, and initially ani-
mals licked randomly and only vigorously once water
came out of the spout (Fig. 2A, Untrained). For all naive
mice, lick rate increases occurred 400 ms after the water
exited the spout (Untrained phase latency range: +402 to
+445 ms; Fig. 2A, dashed black line). Latency for licking
was defined as the time to reach 20% of the peak lick rate
relative to reward onset. Each day, we trained mice using
96 trials, 48 rewarded leftward and 48 unrewarded up-
ward motion conditions. Within 1 week, the mice started
to associate the stimulus with the reward, but initially
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Figure 2. Classical conditioning paradigm for learning to discriminate the direction of motion. A, Example lick raster plots and histograms
for 3 sessions for one of the mice (1364). Initially (Untrained), this mouse licked spontaneously and infrequently before and rigorously after
the reward was delivered (left). After several hundred trials, this mouse began licking more frequently in anticipation of a water reward for
both moving stimuli (center, Detect). Finally after 1500 trials, the mouse licked in anticipation for only the rewarded leftward motion stimulus
(right, Discriminate). Vertical dashed line is the lick onset latency. B, Mean lick count from —1 to 0.2 s for rewarded (red) and unrewarded
(blue) directions of motion over all initial sessions of training for the data shown in A, which is a mouse that decreased licking to the
unrewarded condition (blue). C, Mean lick count for a mouse that increased licking to the rewarded condition (red). D, d’ Calculated for each
session from the lick counts shown in B and C, as well as from lick counts measured from the other two mice. Horizontal dashed line is
the training criterion. E, After the mice learned to discriminate upward from leftward motion, we slowly rotated the unrewarded stimulus. An
example lick raster plot and histogram is shown for Mouse 1364. F-H, There was still a difference in lick count and significant d’, and these
values even continued to increase when rotating the unrewarded stimulus by 45°. I, After the mice learned to discriminate oblique from
leftward motion, we rotated the unrewarded stimulus another 45° so the unrewarded condition was rightward motion. Again, an example
lick raster plot and histogram is shown for Mouse 1364. J-L, Again, there was still a difference in lick count and significant d’, and
discrimination even continued to improve for leftward versus rightward motion. All error bars are bootstrapped SEM and d'.

November/December 2018, 5(6) e0065-18.2018 eNeuro.org



eMeuro

~10 mmme-
% Stimulus
é ON
o
Z 5-
~
o
3
c
©
3}
= 0
T T
B
5 -
4 4
3 4
o
2
1 /.N\
0 -
T T
-4 -2 0
Time (s)

New Research 50f 12

'
Stimulus
ON

T
-4 -2 0
Time (s)

Figure 3. Dependence of discrimination of lick count window. A, The lick rate over time for the rewarded condition increases before
the end of the stimulus presentation (green), and continues increasing at an even greater rate 400 ms after the reward is delivered.
We measured d’ in progressively larger windows (arrows) on both side of reward onset. The window used in Figure 2 is shown as a
dashed black box. B, The resulting d’ measurements between the rewarded and unrewarded conditions for the increasing window
sizes described in A. C, We also measured d’ while moving a window with a fixed size of 1.2 s from —800 ms before to +800 ms after
reward onset. D, The resulting d’ measurements for the window positions described in C. The vertical dashed line is the center of the
window used in Figure 2. Shaded regions are the bootstrapped SE of d'.

without distinguishing between the rewarded and unre-
warded direction of motion. The mice reduced their spon-
taneous licking and started to lick soon after the motion
stimulus turned on and more vigorously after the reward
was delivered for the rewarded condition (Fig. 2A, Detect).
The mice anticipated a reward once detecting a motion
stimulus by starting to lick over a second (Detection
phase latency range: —1394 to —2636 ms) before the
reward was delivered (Fig. 2A, Detect, black dashed line).
After a couple more weeks of conditioning, the mice
began to associate only the leftward motion stimulus with
the water reward (Fig. 2A, Discriminate). Mice continued
to lick before the appearance of the water stimulus (Fig.
2A, Discriminate, black dashed line), but did not start
licking as quickly as during the detection phase (Discrim-
ination phase latency range: —385 to —633 ms).
Another effect of training was that the lick rate differ-
ence between the rewarded and unrewarded stimulus
progressively increased. We measured lick count during
the period between —1 and +0.2 s relative to reward
onset. This window was chosen based on: (1) the latency
of discriminatory licking relative to reward onset being <1
s, (2) the latency of licking relative to reward onset for
unconditioned mice being >400 ms, and (3) a bifurcation
observed in lick rate around 400 ms after reward onset
suggesting a distinction between licking based on the
stimulus and licking based on the delivery of the water
(Fig. 2A,E,)). As training progressed over 3-4 weeks, mice
decreased their lick count to the unrewarded direction of
motion (Fig. 2B, blue) and/or increased their lick count for
the rewarded direction of motion (Fig. 2C, red). To quan-
tify the degree to which lick rate reflected a discrimination
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between leftward and upward motion we computed d’
between lick counts on a day-by-day basis (Fig. 2D). Over
the conditioning period, d’ slowly increased reaching val-
ues consistently >0.8, which was our criterion to begin
the shaping process.

Our analysis of behavioral performance does depend
on the timing over which we measured lick rate. To ex-
amine how our analysis window affected our discrimina-
tion measurements we measured d’ for the licking
behavior at the end of this training period (Figs. 2/, 3A)
with progressively larger windows starting from each side
of reward onset. We find that there are minor changes in
d’ as we increase the duration of the pre-reward window
size (Fig. 3A, leftward arrows), with a slight decrease in d’
as we include longer pre-reward intervals (Fig. 3B, left).
Including increasing amounts of post-reward intervals
(Fig. 3A, rightward arrows) has little initial influence on @’
until 400 ms, at which time d’ increases dramatically (Fig.
3B, right). At that time, the mouse was responding to
reward delivery by licking vigorously rather than anticipat-
ing a reward because of the stimulus. We also examined
how shifting a window with a fixed size of 1.2 s varied d’
estimates (Fig. 3C). As we moved the window progres-
sively closer to reward onset, d' increased at a constant
rate. As the leading (latest) edge of the window ap-
proached 100 ms after reward onset, d' changed mini-
mally (Fig. 3D, center of window at 500 ms before reward
onset: vertical dashed line). When the leading edge of the
window reached 400 ms after reward onset, d’ increased
at a rate more rapidly than before reward onset because
the mouse was responding to reward delivery rather than
licking in anticipation of a reward. Both analyses support
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our choice of the interval of —1 to +0.2 s (Fig. 3A, black
dashed box) to measure lick behavior, which includes the
majority of the anticipatory licking (Fig. 3A, red) that was
induced by our conditioning paradigm.

For this study, we were primarily interested in how the
history of sensory information influences motion percep-
tion. For example, in the waterfall illusion, prolonged
downward motion elicits a perception of upward motion,
but may not alter perceptions of rightward and leftward
motion. Although our classical conditioning paradigm
demonstrates that mice can successfully discriminate
leftward and upward motion as previously reported
(Douglas et al., 2006; Stirman et al., 2016), we needed to
observe mice discriminating leftward and rightward mo-
tion to induce a motion aftereffect. To change our task to
one in which mice discriminate motion along the horizon-
tal axis, we used a paradigm over a series of days in which
we rotated the upward moving stimulus toward the right-
ward direction. Initially, we rotated the stimulus at 45° and
mice could still discriminate the leftward and oblique
directions (Fig. 2E-H). We continued rotating the stimulus
until the mice could distinguish leftward and rightward
directions of motion (Fig. 2/-L). The mice rapidly general-
ized their discriminatory lick behavior to the change in
direction of motion for the unrewarded condition (Fig.
2H,L) and even continued to improve their discrimination
over these periods (Fig. 2L). For the last data point in
Figure 2L, we included d" measurements from lick behav-
ior following all the subsequent stages of training de-
scribed below to illustrate that the mice retained their
discriminability or even had improved performance al-
though the task continued to become more difficult be-
cause we reduced motion coherence (described in the
next section).

Using the motion aftereffect to bias motion
discrimination

Once mice could discriminate leftward and rightward
moving stimuli, we measured the impact of long-term
motion adaptation and changing the strength of motion
on behavior. To examine how the history of motion stim-
ulation impacts the discriminability behavior of the mice,
we varied the coherence and direction of dots during an
adaptation phase and during the test phase. The adapting
phase occurred during the interstimulus period of the
conditioning paradigm (Fig. 4A) and was composed of
noncoherent motion or full coherent motion in the right-
ward or leftward directions at low contrast. The test phase
was composed of moving dots of systematically different
coherence with high contrast (Douglas et al., 2006; Stir-
man et al.,, 2016; Marques et al., 2018). Coherence is
defined as the percentage of dots moving in the same
leftward or rightward direction. The rest of the dots moved
in random directions.

Licking behavior was systematically related to test co-
herence when the adapting motion contained 0% coher-
ence dots (Fig. 4B-D). As test coherence for leftward
motion increased, lick count increased until saturating at
a maximum number of licks (Fig. 4B, right side of each
plot). As test coherence for rightward motion increased,
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lick count decreased until saturating near zero licks (Fig.
4B, left side of each plot). Although maximum mean an-
ticipatory lick counts varied among mice (2-6 licks), their
discriminability was similar. We measured d’ for lick
counts for each mouse to stimuli of equal coherence, but
opposite direction (Fig. 4C). As expected based on lick
counts, d' increased with increasing test coherence max-
ing out at d’ = 1-2.5. Additionally, the mice generally
started to lick earlier for higher compared to lower coher-
ence leftward motion stimuli. The corresponding latencies
for lick behavior to leftward motion stimuli in Figure 4B are
shown in 4D. All of the mice started licking sooner for
leftward motion with higher coherence.

To examine whether preceding motion altered their
behavior, we measured responses to the test stimulus
when there was full coherence motion in the leftward or
rightward direction during the adapting phase (Fig. 5A). As
with the previous experiments, the mouse was then re-
warded following only leftward moving test stimuli. The
adapting motion had systematic effects on the licking
behavior of the mice in response to the test stimulus. In
humans, exposure to rightward motion causes the mis-
perception of leftward motion to stationary stimuli and
exposure to leftward motion causes the misperception of
rightward motion to stationary stimuli. Based on psycho-
metric functions observed for human motion aftereffect
studies, we predicted that coherent motion during the
adapting phase would shift the lick count versus coher-
ence functions (Fig. 4B) to the left or right if the motion of
the adapter is rightward or leftward, respectively (Blake
and Hiris, 1993; Van Wezel and Britten, 2002; Czuba et al.,
2011). Consistent with the motion aftereffect illusion, mice
licked more in response to stimuli at zero coherence
following rightward adaptation than leftward adaptation
(Fig. 5B, magenta vs cyan traces). We quantified differ-
ences in lick rates between the rightward (magenta) and
leftward (cyan) adapting conditions by comparing the lick
counts for the four coherences along the steepest slope
of the response curves in Figure 5B, where the mice had
the most uncertainty (e.g., 0-25.7%; Fig. 6A, inset). Within
this range for all of the mice, there was significantly more
licking for the rightward adapting condition versus the
leftward adapting condition (Fig. 6A, magenta vs cyan
data points; p < 0.01, bootstrapping). To further evaluate
our prediction, we measured whether adaptation altered
lick behavior by fitting a sigmoid function to the data and
(1) computing the mean difference in coherence at the
halfway point between the minimum and maximum lick
counts of the sigmoid fits and (2) calculating the mean lick
count difference of the fits at the halfway point of the
leftward adapting sigmoid fit (Fig. 6B). Both characteriza-
tions (horizontally and vertically) of the sigmoid shift are
statistically significant (p < 0.05) for all mice based on
bootstrap analysis. For some of the mice, the zero coher-
ence adapted sigmoid function is shifted to the right
relative to zero coherence (Fig. 5B, Mouse 1364). This is
likely because these mice only licked when there was
leftward motion detected. Some mice licked less when
there was high coherence for rightward motion and licked
more when there was high coherence for leftward motion
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Figure 4. Motion discrimination improves with increasing random dot motion coherence. A, Mice were shown a 30% contrast zero
coherence adapting stimulus for at least 10 s before being shown a 4 s 100% contrast test stimulus of varying coherence. B, Lick
count increased monotonically as a sigmoid function versus coherence for all of the mice (solid and dashed black lines). Error bars
are bootstrapped SEM (n = 62-70 repeats for each condition). C, d’ also increased monotonically as a sigmoid function versus
coherence for all of the mice (solid and dashed black lines). Error bars are bootstrapped SE of d'. D, The mice all licked sooner for
higher coherence leftward motion as a sigmoid function of coherence as well.

(Fig. 5B, Mouse 1094). Despite these intersubject differ-
ences, we still observe consistent shifts in lick behavior
that depend on the adaptation direction. Overall, our anal-
ysis supports that the adapter shifted the response curves
in the expected directions if there were a motion afteref-
fect for mice.

We designed our motion aftereffect paradigm so that
the mice would ignore the adapting stimulus by lowering
the contrast relative to the test stimulus (Fig 5A). None-
theless, the adapter stimuli could have changed motiva-
tion or arousal systematically that would produce a
difference between the rightward and leftward lick counts
consistent with Figure 6, A and B. For example, if the mice
associated rightward motion during the adapting phase
with increased reward, they might lick more for all test
conditions or they might have increased sensitivity for all
leftward test conditions. This behavior would produce an
upward shift, or multiplicative increase, in the licking be-
havior with coherence.

To determine whether the adapting stimuli caused be-
havioral changes such as increased or decreased moti-
vation or arousal, we tested for differences in lick counts
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at high coherences for both rightward and leftward mo-
tion, as well as differences in the asymptotes of our
sigmoid fits. We quantified differences in lick counts be-
tween rightward (magenta) and leftward (cyan) adaption
for high-coherence rightward test motion (Fig. 6C, inset)
and for high-coherence leftward test motion (Fig. 6E,
inset). In both cases for all four mice, there were no
significant differences in lick counts (Fig. 6C,E, magenta
vs cyan data points; p > 0.05, bootstrapping). Corre-
spondingly, we tested for differences in the lower (Fig. 6D,
inset) and upper (Fig. 6F, inset) asymptotes of our sigmoid
fits for rightward (magenta) and leftward (cyan) adapta-
tion. For all four mice, there were no significant differ-
ences in both the lower and upper asymptotes of the
sigmoid fits for rightward versus leftward adapting condi-
tions (Fig. 6D,F; p > 0.05, bootstrapping). Overall, our
data demonstrate that opposite directions of motion in the
adapting stimuli resulted in significant lateral shifts, but
not in any significant upward or downward shifts, in how
licking behavior changes with motion coherence.

If mice licked more often for leftward versus rightward
adaptation during the adapting phase (expecting a reward
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Figure 5. Motion discrimination is biased by previous prolonged exposure to motion stimuli. A, Mice were shown a 30% contrast fully
coherent adapting stimulus for at least 10 s before being shown a 4 s 100% contrast test stimulus of varying coherence. B, Mean lick
counts for rightward (magenta) and leftward (cyan) adapting conditions. The corresponding sigmoid fits from Figure 4B for zero
coherence adapted lick counts versus coherence are displayed as solid and dashed black lines. The mice licked more for rightward
adapting stimuli (magenta) because this should produce a leftward motion aftereffect, which corresponds to the rewarded condition.
The mice licked less for leftward adapting stimuli (cyan) because this should produce a rightward motion aftereffect, which
corresponds to the unrewarded condition. Error bars are SE and shaded bands for magenta and cyan lines are the bootstrapped SE

of sigmoid fits (n = 62-70 repeats for each condition).

based on their past conditioning), they might be more
fatigued and lick less often during the test phase leading
to less licking for leftward (cyan) versus rightward (ma-
genta) adapted behavioral curves. Therefore, to directly
determine if mice reacted to the adapting stimuli in our
experiments, we investigated lick behavior during the
adapting phase. Figure 7 shows how the lick rate varies
over the time course of a trial with respect to rightward
(magenta) versus leftward (cyan) adaptation. The trial is
broken up into three parts: (1) Adapt Phase, the first 10 s
of adaptation (random interval of at least 10 s) aligned to
the onset of the adapter stimulus (at 5 s after the reward
time for previous ftrials); (2) Test Phase, the final 5 s of
adaptation and the first 2 s of the test stimulus aligned to
stimulus onset; and (3) Reward Phase, the final 2 s of the
test stimulus and 1 s following reward onset (at 0 s). First,
the lick rate decays following licking in response to re-
wards from the previous trial (Fig. 7, peak farthest to the
left). Then, there is no apparent change in lick rate with
respect to the onset of adapter stimuli during the adapt
phase (Fig. 7, gray). The mice only lick spontaneously and
infrequently during the adapting phase and then there is
either no change in lick behavior (Fig. 7, green, Mice 1364
and 1342), a decrease from spontaneous licking (Fig. 7,
green, Mouse 1093), or a transient increase from sponta-
neous licking at stimulus onset (Fig. 7, green, Mouse
1094). Lastly, licking increased for all four mice preceding
reward onset (Fig. 7, right side of green region) and the
licking is greater for rightward adaptation (Fig. 7, ma-
genta) compared to leftward adaptation (Fig. 7, cyan). To
confirm that there was no direction-dependent reaction to
the adapter stimulus, we compared the lick rates between
rightward and leftward adaptation and found that licking
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was infrequent (<0.6 licks/s) and not significantly different
between conditions (Fig. 8, magenta vs cyan data points;
p > 0.05, bootstrapping). These observations suggest
that the mice were ignoring the low contrast adapter
stimuli.

Discussion

We have demonstrated that mice can accurately distin-
guish between leftward and rightward stimuli by using
classical conditioning paradigm to associate water re-
ward with motion. While rats and other animals have
previously been shown to perform direction discrimination
tasks (Douglas et al., 2006; Stirman et al., 2016), early
attempts to train mice to perform opposite direction dis-
crimination were not successful (Douglas et al., 2006).
This failure could either be ascribed to differences in the
neuronal representation for motion or to issues with the
training paradigm. We used a two stage protocol to train
the animals in which animals initially learned to distinguish
horizontal and vertical motion and then a protocol was
used in which we rotated, over a period of days, the
unrewarded upward motion stimulus until the animals
were performing the task using only horizontal motion.
Because another recent study used licking without rotat-
ing the direction of motion to successfully train mice to
discriminate motion in opposite directions (Marques et al.,
2018), our use of licking behavior to test for motion dis-
crimination performance may also be an important factor
to capture this ability in mice. Once the animals were
trained for this task, we were also able to demonstrate
that their report is subject to the waterfall illusion: e.g.,
prolonged visual stimulation with rightward motion in-
duces mice to report that leftward motion exists for con-
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Figure 6. Licking behavior was consistent with a motion aftereffect. A, Average lick counts for the four coherences along the steepest
slope in Figure 5B for the rightward (magenta) and leftward (cyan) adapting conditions (inset, gray box). For all four mice, the
rightward-adapted conditions had significantly more licking than the leftward-adapted conditions (p < 0.01). B, Measurements of the
shifts in the coherence bias and mean lick rate following rightward and leftward adaptation, based on sigmoid fits (inset). The dashed
line indicates no change in lick rate. All data points represent upward and leftward shifts between the functions for the four mice and
were significantly above (y-axis) and below (x-axis) zero, respectively (p < 0.05). C, Average lick counts for the three highest
coherences for rightward motion in Figure 5B for the rightward- (magenta) and leftward- (cyan) adapted conditions (inset, blue box).
For all four mice, there was no significant difference between the rightward- and leftward-adapted conditions (o > 0.05). D, As in B,
but the ordinate plots differences in the lower asymptotes of the sigmoid function. For all four mice, there was also no significant
difference in the lower asymptotes of the sigmoid function (inset) between the leftward-adapted function (magenta) compared with
the rightward-adapted function (cyan; p > 0.05). E, Average lick counts for the two highest coherences for leftward motion in Figure
5B for the rightward- (magenta) and leftward- (cyan) adapted conditions (inset, red box) were also not significantly different (p > 0.05).
F, As in B and D, but the ordinate plots the differences in the upper asymptotes. There was no significant difference in the upper
asymptotes of the sigmoid function (inset) between the leftward-adapted function (magenta) compared with the rightward-adapted
functions (cyan; p > 0.05). A, C, and E, Error bars are bootstrapped SE of the average and open black circles are the lick counts for
the 0% coherence adapting condition (n = 62-70 repeats for each condition). B, D, and F, Error bars are bootstrapped SE of sigmoid
fit parameters.

ditions in which no coherent motion is presented. Our The performance of our mice in discriminating the di-
results indicate that the mouse is able to discriminate  rection of motion with reduced coherence are similar to
leftward from rightward motion and that discrimination is ~ what has been observed in previous studies (Douglas
susceptible to recent motion history. et al., 2006; Stirman et al., 2016; Marques et al., 2018).
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The behavioral shifts when preceding the test motion with
an adapter are consistent with the motion aftereffect
shifts observed in psychometric functions for humans
(Blake and Hiris, 1993; Van Wezel and Britten, 2002;
Czuba et al., 2011). Furthermore, our analyses of the
behavioral changes induced by the adaptor stimuli dem-
onstrate that state changes such as arousal or lick fatigue
cannot account for the shifts in behavior we observe (Figs.
6-8). The magnitude of the shift in sigmoid functions that
we measured in mice is smaller than what has been
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Figure 8. Licking during the adapting phase was infrequent and
unrelated to the adapter stimuli. For all four mice, during the
adapting phase, average lick rates were =0.6 licks/s and were
not significantly different between rightward (magenta) and left-
ward (cyan) adapting conditions (p > 0.05). Error bars are SE of
the average lick rate and open black circles are the lick counts
for the 0% coherence adapting condition (n = 806-910 repeats
for each condition).
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observed in humans, but that can be attributed to differ-
ences in durations and contrasts for both the adapting
and test stimuli. For example, increasing the contrast of
the adapter or decreasing the contrast of the test stimulus
increase the strength of a motion aftereffect (Keck et al.,
1976).

Motion information emerges at multiple stages in the
mouse visual system, which may underlie the discrimina-
tion behavior we observe. Mice have direction selective
cells in their retina (Elstrott et al., 2008; Yonehara et al.,
2009; Cruz-Martin et al., 2014; Hillier et al., 2017; Shi
et al., 2017), lateral geniculate nucleus (Marshel et al.,
2012; Piscopo et al., 2013; Sun et al., 2016), primary
visual cortex (Drager, 1975; Niell and Stryker, 2008;
Marshel et al., 2011; Rochefort et al., 2011), and the
superior colliculus (Drager and Hubel, 1975; Shi et al.,
2017). Many questions still remain about the specific
circuitry that produces the motion aftereffect. Barlow and
Hill (1963) recorded from retinal ganglion cells in the rabbit
and discovered that spontaneous activity was reduced
following prolonged exposure to the preferred direction of
motion, but there was no change to spontaneous activity
following prolonged exposure to the opposite direction of
motion. This imbalance of activity following the stimulus
would lead to a perception of motion in the opposite
direction. The direction selective neurons in mouse retina
(Elstrott et al., 2008; Yonehara et al., 2009; Cruz-Martin
et al., 2014; Hillier et al., 2017; Shi et al., 2017) may adapt
in a similar manner. Recent studies also suggest that
direction selectivity independently develops in the visual
cortex of mice (Hillier et al., 2017; Lien and Scanziani,
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2018; Marques et al., 2018). Similar to the results of
Barlow and Hill (1963), experiments in the cat demon-
strate that there is reduced activity following the exposure
to the preferred direction of motion and no change in
activity following the exposure to the opposite direction of
motion in cells in the primary visual cortex (Priebe et al.,
2010). This simple reduction in activity would not require
any special connectivity or organization among direction
selective cells and would be a plausible in explaining the
motion aftereffect in primates, carnivores, and rodents.
Contrast-dependent adaptation properties in the primary
visual cortex are similar for mice compared with cats and
primates (Ohzawa et al., 1985; Sclar et al., 1989; Bonds,
1991; Crowder et al., 2006, 2008; Kohn, 2007; Stroud
et al., 2012).

Recordings in higher areas such as MT in owl monkeys,
however, reveal not only a reduction in response following
exposure to the preferred direction of motion, but also an
enhancement of responses following exposure to the op-
posite direction of motion, suggesting that competitive
circuitry might also contribute to motion processing and
the motion aftereffect (Petersen et al., 1985). This was
confirmed more recently in area MT of macaque monkeys
as well (Kohn and Movshon, 2003). This competition
would require specific inhibitory connections between
cells with opposing preferred directions of motion or a
columnar organization where cells with opposing pre-
ferred directions are located next to each other (Malonek
et al.,, 1994; Ohki et al., 2005), which have not been
observed in rodents (Ohki et al., 2005). The lack of orga-
nization in rodent visual cortex may lead to differences in
adaptation properties compared with cats and primates
(King and Crowder, 2018), which might be also true for the
motion aftereffect.

Recent sensory history is critical to interpreting new
incoming sensory information. This is particularly relevant
when that incoming information is noisy, uncertain, or
ambiguous. The motion aftereffect is an illusion that arises
out of the circuitry that helps integrate past and present
motion information. Such motion processing is critical to
several species, including mice, in stabilizing images
while navigating in an environment, avoiding moving ob-
jects, or interacting with moving objects and the signa-
tures for this processing appear to be preserved across
mammalian species.
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