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Auditory-induced visual illusions in
rodents measured by spontaneous
behavioural response

Yuki Ito?, Ryo Sato?, Yuta Tamai?, Shizuko Hiryu?, Tomoko Uekita? & Kohta I. Kobayasi'*

When two brief sounds are presented with a short flash of light, we often perceive that the flash blinks
twice. This phenomenon, called the “sound-induced flash illusion”, has been investigated as an example
of how humans finely integrate multisensory information, more specifically, the temporal content of
perception. However, it is unclear whether nonhuman animals experience the illusion. Therefore, we
investigated whether the Mongolian gerbil, a rodent with relatively good eyesight, experiences this
illusion. The novel object recognition (NOR) paradigm was used to evaluate the gerbil’s natural (i.e.,
untrained) capacity for multimodal integration. A light-emitting diode embedded within an object
presented time-varying visual stimuli (different flashing patterns). The animals were first familiarised
with repetitive single flashes. Then, various sound stimuli were introduced during test trials. An increase
in exploration suggested that the animals perceived a flashing pattern differently only when the
contradicting sound (double beeps) was presented simultaneously with a single flash. This result shows
that the gerbil may experience the sound-induced flash illusion and indicates for the first time that
rodents may have the capacity to integrate temporal content of perception in a sophisticated manner as
do humans.

When two sensory modalities receive conflicting information simultaneously, the perception in one modality
is sometimes modified to align with the information in the other modality to construct a coherent multi-modal
percept!. A prominent example, the “McGurk effect” (or “McGurk-MacDonald illusion”), demonstrates that lis-
tening to the sound /ba/ with a video clip showing a person’s lip uttering /ga/ often results in a combined auditory
perception, such as “da”. That audio-visual integration shows how significantly visual information (i.e., artic-
ulatory movement) contributes to auditory speech perception. More recently, Shams and colleagues reported
the “sound-induced flash illusion”, which demonstrates that the opposite interaction (i.e., an auditory modality
altering a visual perception) can also occur. In the illusion, a brief flash accompanied by two brief sounds is often
perceived as two flashes®*. Because the sound-induced flash illusion is not related to human-specific perception
(i.e., speech perception), unlike the McGurk effect, it is reasonable to assume that this type of multimodal integra-
tion is fairly common in many animal species. However, as far as we know, there is no experimental evidence that
animals other than humans are capable of experiencing this illusion. The lack of an appropriate animal model has
hindered our understanding of this integration at the cellular and network levels.

Here, we used the Mongolian gerbil, Meriones unguiculatus, as a subject because it has sensitive low-frequency
hearing comparable to humans® and is considered a standard laboratory rodent, particularly in auditory neu-
roscience® 8. The gerbil’s retina also has a well-developed cone system®!°, and behavioural measurements of the
animal’s grating acuity have suggested that the visual system of the gerbil is well adapted to a diurnal lifestyle'!.
The circadian rhythms of their activities under natural light conditions also indicate that gerbils are not fully
nocturnal'?, and they show a greater diurnal tendency than domestic mice or laboratory rats'®. Therefore, these
behavioural and physiological features make the gerbil a practical and valuable animal model of auditory-visual
integration in non-human animals.

In this study, we used the novel object recognition (NOR) paradigm to measure the gerbil’s perception. Many
rodents, including rats'*, mice!>'¢, and degus'’, approach a novel object more frequently and spend more time
exploring it than they do an object to which they have previously been exposed!®. The NOR paradigm relies on
the animal’s innate preference for novelty. Therefore, no prior training, such as operant conditioning, is required,
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Figure 1. Experimental setting. (A) Schematised figure (left) and a picture (right) of the behavioural arena. (B)
A picture of the object to be explored by the subject. The object was a glass bulb of 2.2-cm radius, and a white-
light-emitting diode was embedded in the object.

which means potentially high throughput. More importantly, the paradigm is suitable for evaluating an animal’s
natural (untrained) cognitive potential acquired through normal development. The analogue of the NOR para-
digm in human infants and non-human primates, the preferential looking time paradigm, reveals subjects’ nat-
ural cognitive functions (e.g., syntax learning'?, voice-face pairing®’, and cross-modal numerical matching?"??).
In most of rodent studies investigating multimodal integration, the animals were trained to evaluate their percep-
tion**?%. Thus, their untrained sensory potential for a multisensory environment is relatively unknown. We used
the NOR paradigm to investigate whether the Mongolian gerbil has the capacity to perceive the sound-induced
flash illusion.

Materials and Methods

Subjects. In total, 43 Mongolian gerbils (27 males and 16 females), ranging in age from 1 to 4 months, were
used in this study. All gerbils were bred and reared in our laboratory, and all were experimentally naive. Each
animal was housed with two to five other gerbils in a 20-cm width [W] x 40-cm length [L] x 17-cm height [H]
cage with free access to food and water. The animal room was maintained on a 12-h light-dark schedule, and the
temperature in the room was maintained at 22-23 °C with approximately 50% relative humidity. The gerbils were
handled for at least 5 days before testing to reduce handling stress. All experimental procedures were performed
in accordance with guidelines established by the Ethics Review Committee of Doshisha University, and the exper-
imental protocols were approved by the Animal Experimental Committee of the university.

Experimental conditions. All behavioural tests were conducted in a square behavioural arena (Fig. 1A;
45 [W] x 45 [L] x 55cm [H]) located in a soundproof room. The brightness at floor level in the arena was 1201x
(measured with a lux meter; GL-03, be-s Co., Ltd., Tokyo, Japan). One wall of the arena was painted with vertical
black and white stripes (3.5 cm [W]) as landmarks by which the gerbils could orient themselves. The floor was
coloured with a square grid pattern (each square 5 x 5cm?) marked with black tape (0.8 cm [W]). A bulb-shaped
object (2.2-cm radius [R]) made of glass was placed at the centre of the arena to be explored (Fig. 1B). A
white-light-emitting diode (LED) attached to a diffuser embedded within the object provided the visual stimu-
lus. A loudspeaker (FT28D, Fostex, Tokyo, Japan) for presenting the auditory stimulus was set 100 cm above the
arena. The amplitude of the sound stimulus was calibrated with a microphone (Type 1, ACO Pacific Inc., Aichi,
Japan) placed at the centre of the arena at the height of the animal’s head (3 cm above the floor). The animal’s posi-
tion during the experiment was monitored and recorded at 30 frames per second with a video camera (LifeCam
HD-5000, Microsoft Inc., WA, USA) set next to the loudspeaker.
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Figure 2. Temporal profile of each stimulus. The flash and tone pip were repeatedly presented during the trial.
(A) Stimulus in the visual modality (VM) experiment. Only the visual stimulus was presented. A single flash
(VMs) was presented during the familiarisation session, and a double flash (VMd) was presented during the test
session. (B) The stimulus in the multimodal experiment using double tone pips (MMd). The visual stimulus was
a single flash, and the auditory stimulus was double tone pips. Three types of stimulus onset asynchrony (SOA)
were employed: 0 ms (MMdO0), 100 ms (MMd100), and 255 ms (MMd255). (C) The stimulus in the multimodal
experiment using a single tone pip (MMs). The visual stimulus was a single flash, and the auditory stimulus was
a single tone pip. Two SOAs were employed: 0 ms (MMs0) and 255 ms (MMs255). The SOA was changed in the
test session in both multimodal experiments (B,C).

Stimuli. The visual stimulus was a brief light (duration, 10 ms) presented by the LED inside the object. The
intensity of the flash, measured 1 cm from the object, was 25Ix. The auditory stimulus was a tone pip (duration,
7 ms; frequency, 4 kHz; amplitude, 75 dB SPL). The visual and auditory stimuli were repeatedly and continuously
presented during the familiarisation and test sessions. Seven different stimulus configurations were used (Fig. 2).
In the visual modality (VM) experiment, only the visual stimulus (i.e., no auditory stimulus) was presented. A
single flash was repeated (VMs) with an inter-onset interval (IOI) of 510 ms during the familiarisation sessions
for the experiment. A double flash (VMd) was repeated at the same IOI during the test session. Each double flash
consisted of paired single flashes with an IOI of 160 ms (Fig. 2A).

In the multimodal (MM) experiment, both the visual and auditory stimuli were presented, and the stimulus
onset asynchrony (SOA) between them was changed for the test session. The IOI of the visual stimulus (flash)
was 510 ms. Five stimulus configurations were used: MMd255, MMd0, MMd100, MMs255, and MMs0, where
“d” and “s” represent double and single tone pips, respectively, and the number represents the SOA in ms. In the
familiarisation session with double tone pips (MMd), a single flash and a double tone pip consisting of two tones
separated by a 64-ms IOI were repeated with an SOA of 255 ms (MMd255; Fig. 2B). In the test trials, an SOA of
0 ms (MMdO) or 100 ms (MMd100) was tested. In the familiarisation session with a single tone pip (MMs), a
single flash and a single tone pip were repeated with a 255-ms SOA (MMs255; Fig. 2C). In the test session, the
SOA was 0 ms (MMs0). All visual and auditory stimuli were generated with customised programs (MATLAB;
MathWorks, MA, USA).

Behavioural procedure. Our experimental paradigm was a standard NOR procedure??. A habituation ses-
sion was conducted first, followed by a familiarisation session, and then a test session. In the habituation session,
each animal was allowed to explore the behavioural arena freely, with no flash-emitting object, for 30 min on 4
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Figure 3. Effect of stimulus onset asynchrony (SOA) on the recognition of a flashing pattern. Error bars indicate
standard errors. (A) The contact durations in the first and fifth (the last) familiarisation trial (Fam) and the

test trial under all stimulus conditions. (B) Change in contact duration (test minus fifth familiarisation trial)

with different SOA. Contact duration increased significantly in the test trial compared with that in the fifth
familiarisation trial (255-ms SOA) when the animals were exposed to the 0-ms SOA (MMd0), but not when they
were exposed to the 100-ms SOA (MMd100). In addition, a noncontradictory audio-visual stimulus pair (MMs0)
did not produce a significant increase in the test trial compared with the fifth familiarisation trial. *P < 0.05.

days. No visual or auditory stimulus was presented during these sessions. In the familiarisation session, the animals
were habituated to the arena, and a flash-emitting object was set at the centre of the arena. Either the visual and
auditory stimuli was presented (MM experiment) or only the visual stimulus (VM experiment). Each animal was
released at the same position and allowed to explore the arena. Each trial lasted 5 min and was repeated five times,
with a 2-min inter-trial interval. During the interval, the floor and object were cleaned with 80% ethanol to remove
any odours, and the animal was isolated from its cage-mates in a cylinder-shaped box (12.4 [R] x 37.8 cm [H]). The
same stimuli were presented during the familiarisation session. After the fifth familiarisation trial, the test session
began following an identical 2-min interval. The test session lasted 5 min and was conducted only once.

Analysis. Each animal’s exploration of the object was quantified as the duration of contact with the object.
‘Contact duration’ was defined as the total period during which the subject was touching the object with its snout
or forepaw within the first 90 s of each trial; it was measured by counting the number of frames showing explora-
tory behaviour. Two experts, blinded to the experimental conditions, manually evaluated the behaviour, and their
scores correlated significantly (R=0.91, P <0.01). Changes in contact duration (test minus fifth familiarisation
trial) were tested if different from zero using t-test with a significance level of P < 0.05.

Results
Two gerbils experienced seizures during the habituation or experimental period, and were excluded from the
analysis. In the VM experiment, the animals were repeatedly exposed to single flashes (VMs) during the famil-
iarisation trial, and they explored the object less as the trial proceeded (Fig. 3A VM). After the number of flashes
changed (VMA) in the test trial, their exploration of the object increased significantly compared with that in the
fifth familiarisation trial (1.9040.35 vs. 3.01 &0.54 s, mean = standard error of the mean; ¢ =2.29, P < 0.05;
Fig. 3B VM). These results confirmed that the NOR paradigm is suitable for assessing the perception of a tempo-
rally changing visual stimulus.

In the MM experiments, the gerbils’ exploration of the object decreased as the trial progressed during the
familiarisation sessions, as was observed in the VM experiments (MMd255: 6.24+0.6s vs. 1.46 £ 0.25s;
MMs255:7.81 +1.01svs. 1.77+0.51s). The contact durations in the first and fifth familiarisation trials and the
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test trial under all conditions are shown in Fig. 3A. With test stimulus MMdO, in which a flash and double tone
pips were presented with 0-ms SOA, the animals explored the object significantly longer than they had in the
fifth familiarisation trial (1.28 4-0.24 vs. 1.78 £0.37s, t(;q)= 1.83, P < 0.05; Fig. 3B MMdO0). With test stimulus
MMd100, in which a flash and double tone pips were presented with 100-ms SOA, no significant increase in the
exploratory period was observed (1.68 +0.49 vs. 1.16 £0.25s, £y = 1.29, P = 0.12; Fig. 3B MMd100). In the MMs
experiments, in which a single flash and a single tone pip were presented, reducing the SOA from 255 ms (famil-
iarisation trial) to 0 ms (test trial), the exploratory period did not increase (1.77 - 0.51 vs. 1.42 4 0.365s, £,y =0.93,
P =0.19; Fig. 3B MMs0).

Discussion

The results of the VM tests showed that changing the number of flashes triggered a significant increase in the
gerbils’ exploratory behaviour. Previous studies using the NOR paradigm have demonstrated that animals are
more interested in an object and explore it more thoroughly when the object’s properties (shape, size and colour)
and/or position are altered (for review see Ennaceur?’). Recent studies that combined a Y-shaped apparatus with a
NOR task demonstrated that rats visually recognise an object based on their perception of its features with tactile
senses?®?’, demonstrating that this task can be used to test multimodal recognition. Because we wanted to use
the NOR paradigm to evaluate the perceptual content of a temporally dynamic visual signal, particularly its mul-
timodal effect, the pattern of flashes emitted by an object was altered as the experimental variable. As observed
in the typical NOR paradigm, the gerbils showed decreasing contact with the object during familiarisation, but
when the number of flashes was altered from one to two, the gerbils explored the object for a longer period
(Fig. 3A VM). This increase in exploration suggests that the gerbils recognised the change in the temporal pattern
of flashing, and the difference was sufficient to solicit exploratory behaviour toward the object. This result demon-
strated that the NOR paradigm can be used to assess this animal’s visual temporal perception and recognition.

In humans, when two beeps are presented together with a single flash, the flash is often perceived twice**.
Whereas, as the amount of SOA between the auditory and visual stimuli increases, the illusory perception
occurs less frequent?. A study by Bidelman (2016) systematically analysed the effect of SOA in musicians and
non-musicians and demonstrated that the temporal window of sensory integration was <100 ms in musicians and
~200 ms in non-musician subjects®. Our results demonstrate that exploration of the stimulus object increased
significantly under the MMdO condition, but not under the MMd100 condition (Fig. 3B). We interpret these data
as indicating that the animals perceived the MMd255 stimulus as a single flash during the familiarisation session,
but experienced the MMdO stimulus as a double flash (an illusory flash), as humans do. However, they did not
experience the MMd100 stimulus as a double flash (or did so to a much smaller extent). These results support
the idea that animals perceive the sound-induced flash illusion and that the temporal window for audio-visual
integration is similar to that in humans.

The contact duration in MMdO (Fig. 3B) is almost half that in VM (while the difference was not statistically
significant (¢, = 1.15, P=0.26)). Many human studies have shown that the illusory perception (double flash
illusion) does not always occur. For example, Shams et al. reported that the illusion occurred in ca. 70% of tests,
even under the best SOA conditions®. Other research by Andersen and colleges (2004) reported that subjects
perceived two flashes in 55% of all trials®. Recent research confirmed that the illusory flash was perceived only in
ca. 60% of events*. Therefore, even if gerbils experience the illusory flashes as often as humans, they still perceive
MMdO as double flashes in 55-70% of all presentations, and the probabilistic nature of the illusion could explain
the response difference between VM and MMdO. The greater increase from a familiarised stimulus (i.e., single
flash) in VM could promote stronger exploratory behaviour than in MMdO.

One might argue that the data only suggest that the animals perceived flashes in MMdO as different from those
in MMd255, not necessarily as a double flash. For example, a simultaneous auditory stimulus might somehow
enhance the saliency of the visual stimulus enough to trigger exploration®. Because those multimodal enhance-
ments are reported to be the most prominent at the 0-ms SOA, we introduced the MMs0 (0-ms SOA) as a control.
The results under the MMs condition demonstrate that changing the SOA from 255 to 0 ms was insufficient to
produce a significant behavioural response (Fig. 3B MMs0), suggesting the showing that stimulus simultaneity
alone was insufficient to change exploratory behaviour. The incongruence of the two sensory cues (i.e., single or
double) and the stimulus timing are important to affect the behaviour, and the requirements are comparable to
those observed during a sound-induced flash illusion in human research®. One might also argue that a double
tone pip alone is sufficient to induce exploration, and a flash presented with a certain delay somehow cancels the
effect. Our additional analysis suggests that this is rather unlikely. Specifically, the contact duration in the first
familiarisation trial in VM:s (single flash without double tone pips: Fig. 3A VM first) was not statistically signifi-
cantly different from the first familiarisation in MMd255 (single flash with double tone pips: Fig. 3A MMdO first
and MMd100 first; 57 = 0.53, P = 0.60). Whereas this analysis on MMd cannot be a complete substitute for test-
ing on additional control stimulus (i.e., unimodal double-tone-pip), the statistical result suggests that the double
tone pips did not significantly increase exploration. Overall, our data should not be taken as direct evidence that
animals perceive the auditory-induced illusory flash, and our results require further behavioural research, such as
establishing whether the animals can discriminate the physically presented double flash from the illusory one®.

The neural mechanism of sensory integration has been the focus of many studies. Rodents integrate multi-
sensory input both behaviourally and physiologically**-3. However, as far as we know, there is no behavioural
evidence showing that rodents experience multisensory illusions, except the study by Wada et al. on a visual-tac-
tile illusion?®. Our results present the possibility that the visual recognition of untrained gerbils was altered by
the auditory stimulus, suggesting that the species have the capacity to integrate temporal content of perception
in a sophisticated manner as do humans, and also that the species is a good animal model for investigating
the auditory-induced flash illusion. Several human studies have already investigated the brain regions involved
in this illusion. Using functional magnetic resonance imaging, Zhang and Chen (2006) showed that elevated
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activity in the visual cortex is associated with this illusory perception®. Mishra et al. (2007) provided evidence
that rapid input from the auditory and multisensory areas modifies the activity of the visual cortex and promotes
the illusion®. Because neither of these regions nor the proposed mechanism is specific to humans, these systems
could serve as the neural basis for the integration in rodent and as well. Future research in rodents may provide
cellular-level insight into the sound-induced flash illusion.

Received: 6 June 2019; Accepted: 2 December 2019;
Published online: 16 December 2019

References

1

QN U W N

10.

11.
12.

13.
. Ennaceur, A. & Delacour, J. A new one-trial test for neurobiological studies of memory in rats. 1: Behavioral data. Behav. Brain Res.

15.

16.
. Uekita, T. & Okanoya, K. Hippocampus lesions induced deficits in social and spatial recognition in Octodon degus. Behav. Brain Res.

18.
19.
20.
21.
22.
23.

24.
25.

26.

27.
28.

29.
30.
31.

32.

. Jack, C. E. & Thurlow, W. R. Effects of degree of visual association and angle of displacement on the “ventriloquism” effect. Percept.

Mot. Skills 37,967-979 (1973).

. Mcgurk, H. & Macdonald, ]. Hearing lips and seeing voices. Nature 264, 746-748 (1976).

. Shams, L., Kamitani, Y. & Shimojo, S. What you see is what you hear. Nature 408, 788 (2000).

. Shams, L., Kamitani, Y. & Shimojo, S. Visual illusion induced by sound. Cogn. Brain Res. 14, 147-152 (2002).

. Ryan, A. Hearing sensitivity of the Mongolian gerbil, Meriones unguiculatis. J. Acoust. Soc. Am. 59, 1222-1226 (1976).

. Ohl, E. W. & Scheich, H. Orderly cortical representation of vowels based on formant interaction. Proc. Natl. Acad. Sci. USA 94,

9440-9444 (1997).

. Sakai, M. & Suga, N. Centripetal and centrifugal reorganizations of frequency map of auditory cortex in gerbils. Proc. Natl. Acad. Sci.

USA 99, 7108-7112 (2002).

. Maier, J. K. & Klump, G. M. Resolution in azimuth sound localization in the Mongolian gerbil. J. Acoust. Soc. Am. 119, 1029-1036

(2006).

. Govardovskii, V. I, Rohlich, P, Szel, A. & Khokhlova, T. V. Cones in the retina of the Mongolian gerbil, Meriones unguiculatus: an

immunocytochemical and electrophysiological study. Vision Res. 30, 19-27 (1992).

Jacobs, G. H. & Deegan, J. F. 2nd Sensitivity to ultraviolet light in the gerbil (Meriones unguiculatus): characteristics and mechanisms.
Vision Res. 34, 1433-1441 (1994).

Baker, A. G. & Emerson, V. E. Grating acuity of the Mongolian gerbil (Meriones unguiculatus). Behav. Brain Res. 8, 195-209 (1983).
Pietrewicz, A. T., Hoff, H. P. & Higgins, S. A. Activity rhythms in the Mongolian gerbil under natural light conditions. Physiol. Behav.
29, 377-380 (1982).

Refinetti, R. Variability of diurnality in laboratory rodents. J. Comp. Physiol. A. 192,701-714 (2006).

31, 47-59 (1988).

Dodart, J. C., Mathis, C. & Ungerer, A. Scopolamine-induced deficits in a two-trial object recognition task in mice. NeuroReport 8,
1173-1178 (1997).

Messier, C. Object recognition in mice: improvement of memory by glucose. Neurobiol. Learn. Mem. 67, 172-175 (1997).

219, 302-309 (2011).

Berlyne, D. E. Novelty and curiosity as determinants of exploratory behaviour. Br. J. Psychol. 41, 68-80 (1950).

Marcus, G. F, Vijayan, S., Bandi Rao, S. & Vishton, P. M. Rule learning by seven-month-old infants. Science 283, 77-80 (1999).
Sliwa, J., Duhamel, J. R., Pascalis, O. & Wirth, S. Spontaneous voice-face identity matching by rhesus monkeys for familiar
conspecifics and humans. Proc. Natl. Acad. Sci. USA 108, 1735-1740 (2010).

Moore, D., Benenson, J., Reznick, J. S., Peterson, M. & Kagan, J. Effect of auditory numerical information on infants’ looking
behavior: Contradictory evidence. Develop. Psychol. 23, 665-670 (1987).

Jordan, K. E., Brannon, E. M., Logothetis, N. K. & Ghazanfar, A. A. Monkeys match the number of voices they hear to the number
of faces they see. Curr. Biol. 15, 1034-1038 (2005).

Wada, M., Takano, K., Ora, H., Ide, M. & Kansaku, K. The rubber tail illusion as evidence of body ownership in mice. J. Neurosci. 36,
11133-11137 (2016).

Siemann, J. K. et al. A novel behavioral paradigm to assess multisensory processing in mice. Front. Behav. Neurosci. 8, 456 (2015).
Bevins, R. A. & Besheer, J. Object recognition in rats and mice: a one-trial non-matching-to-sample learning task to study
“recognition memory”. Nat. Protoc. 1, 1306-1311 (2006).

Antunes, M. & Biala, G. The novel object recognition memory: neurobiology, test procedure, and its modifications. Cogn. Process.
13,93-110 (2012).

Ennaceur, A. One-trial object recognition in rats and mice: methodological and theoretical issues. Behav. Brain Res. 215, 244-254 (2010).
Winters, B. D. & Reid, J. M. A distributed cortical representation underlies crossmodal object recognition in rats. . Neurosci. 30,
6253-6261 (2010).

Jacklin, D. L., Cloke, J. M., Potvin, A., Garrett, I. & Winters, B. D. The dynamic multisensory engram: neural circuitry underlying
crossmodal object recognition in rats changes with the nature of object experience. J. Neurosci. 36, 1273-1289 (2016).

Bidelman, G. M. Musicians have enhanced audiovisual multisensory binding: experience-dependent effects in the double-flash
illusion. Exp. Brain Res. 234, 3037-3047 (2016).

Andersen, T. S., Tippana, K. & Sams, M. Factors influencing audiovisual fission and fusion illusions. Cogn. Brain Res. 21, 301-308
(2004).

Roseboom, W., Kawabe, T. & Nishida, S. Y. The cross-modal double flash illusion depends on featural similarity between cross-
modal inducers. Sci. Rep. 3, 3437 (2013).

. Stein, B. E,, Stanford, T. R. & Rowland, B. A. Development of multisensory integration from the perspective of the individual

neuron. Nat. Rev. Neurosci. 15, 520-535 (2014).

. Shams, L., Ma, W. J. & Beierholm, U. Sound-induced flash illusion as an optimal percept. NeuroReport 16, 1923-1927 (2005).
. Rosenthal, O., Shimojo, S. & Shams, L. Sound-induced flash illusion is resistant to feedback training. Brain Topogr. 21, 185-192 (2009).
. Hirokawa, J., Bosch, M., Sakata, S., Sakurai, Y. & Yamamori, T. Functional role of the secondary visual cortex in multisensory

facilitation in rats. Neuroscience 153, 1402-1417 (2008).

. Schormans, A. L. et al. Audiovisual temporal processing and synchrony perception in the rat. Front. Behav. Neurosci. 10,246 (2017).
. Song, Y. H. et al. A neural circuit for auditory dominance over visual perception. Neuron 93, 940-954.e6 (2017).
. Zhang, N. & Chen, W. A dynamic fMRI study of illusory double-flash effect on human visual cortex. Exp. Brain Res. 172, 57-66

(2006).

. Mishra, J., Martinez, A., Sejnowski, T. J. & Hillyard, S. A. Early cross-modal interactions in auditory and visual cortex underlie a

sound-induced visual illusion. J. Neurosci. 27, 4120-4131 (2007).

SCIENTIFIC REPORTS |

(2019) 9:19211 | https://doi.org/10.1038/s41598-019-55664-z


https://doi.org/10.1038/s41598-019-55664-z

www.nature.com/scientificreports/

Acknowledgements
We gratefully acknowledge Takashi Noguchi and Naoya Akiyama for their advice on the experimental design.
This research was supported by the JSPS KAKENHI (17H01769 & 18H05089 to KIK, 19]22981 to YI).

Author contributions

Y.I,R.S., T.U. and K.LK. designed the study; Y.I., R.S., and Y.T. collected data; Y.I., R.S. and Y.T. performed the
data analysis; Y.I. wrote the manuscript with comments from S.H. and K.LLK. All authors read and approved the
final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.LK.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:19211 | https://doi.org/10.1038/s41598-019-55664-z


https://doi.org/10.1038/s41598-019-55664-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Auditory-induced visual illusions in rodents measured by spontaneous behavioural response

	Materials and Methods

	Subjects. 
	Experimental conditions. 
	Stimuli. 
	Behavioural procedure. 
	Analysis. 

	Results

	Discussion

	Acknowledgements

	Figure 1 Experimental setting.
	﻿Figure 2 Temporal profile of each stimulus.
	﻿Figure 3 Effect of stimulus onset asynchrony (SOA) on the recognition of a flashing pattern.




