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Low-frequency electroencephalogram oscillations govern left-eye
lateralization during anti-predatory responses in the music frog
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ABSTRACT
Visual lateralization is widespread for prey and anti-predation in
numerous taxa. However, it is still unknown how the brain governs
this asymmetry. In this study, we conducted behavioral and
electrophysiological experiments to evaluate anti-predatory behaviors
and dynamic brain activities in Emei music frogs (Nidirana daunchina),
to explore the potential eye bias for anti-predation and the underlying
neural mechanisms. To do this, predator stimuli (a model snake head
and a leaf as a control) were moved around the subjects in clockwise
and anti-clockwise directions at steady velocity.We counted the number
of anti-predatory responses and measured electroencephalogram
(EEG) power spectra for each band and brain area (telencephalon,
diencephalon and mesencephalon). Our results showed that (1) no
significant eye preferences could be found for the control (leaf);
however, the laterality index was significantly lower than zero when the
predator stimulus was moved anti-clockwise, suggesting that left-eye
advantage exists in this species for anti-predation; (2) compared with no
stimulus in the visual field, the power spectra of delta and alpha bands
were significantly greater when the predator stimulus was moved into
the left visual field anti-clockwise; and, (3) generally, the power spectra
of each band in the right-hemisphere for the left visual field were higher
than those in the left counterpart. These results support that the left eye
mediates the monitoring of a predator in music frogs and lower-
frequency EEG oscillations govern this visual lateralization.
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Laterality index, Electroencephalogram, Power spectra

INTRODUCTION
Preferential use of one side of the body and cerebral lateralization,
including hemispheric asymmetries in structures and functions, which
ultimately result in differences at behavioral and physiological levels
(Hellige, 1993), are well known in vertebrates and invertebrates
(Frasnelli et al., 2012; Rogers et al., 2013). Hemispheric asymmetry
may be demonstrated by the complexities in anatomy and neurons in
diverse parts of each hemisphere, or differing levels of left/right motor
ability (Concha et al., 2012; Franklin and Lima, 2001; Vallortigara and
Rogers, 2020). The left hemisphere engages mainly in processing
positive stimuli and learnt routine tasks, and responding to food or

prey; the right hemisphere is more associated with the responses to
negative and unexpected stimuli or dangerous events (e.g. predators,
conspecific aggression), and encoding the spatial relationships
occurring in the surrounding environment (MacNeilage et al., 2009;
Rogers et al., 2013). Substantial findings have shown benefits related
to cerebral lateralization (Ferrari et al., 2017), such as specialization of
certain cognitive ormotor tasks by avoiding duplication of functions in
the two hemispheres (Frasnelli, 2013; Vallortigara and Rogers, 2005),
and processing several streams of information in parallel (Rogers et al.,
2004; Vallortigara, 2006). However, it can result in some weaknesses;
for example, the behavioral lateralization can be predicted by the
predator (Vallortigara, 2006).

Visual lateralization, one of the brain specialization phenomena, is
widespread in numerous vertebrates (Pellitteri-Rosa and Gazzola,
2018; Quaresmini et al., 2014) and invertebrates (Romano et al., 2017;
Schnell et al., 2018, 2016) when they process visual information.
Generally, left-eye/right-hemisphere and right-eye/left-hemisphere
preferences exist for identifying a predator or conspecific fight and
identifying prey or food from other non-food items, respectively. The
adaptive nature of such apparent hemispheric specialization might be
correlated with optimizing predator vigilance with other tasks such as
foraging (Franklin and Lima, 2001; Rogers, 2000) and social
interactions (Dadda et al., 2003; Hews and Worthington, 2001). The
preferential eye use for ecological activities is dependent on specialized
function of the left or right brain (Rogers et al., 2013; Vallortigara et al.,
1999). Consistent with this, our previous study indicated that dynamic
electroencephalogram (EEG) oscillations, especially at higher
frequencies, underlie the right-eye/left-hemisphere advantage in
predatory behavior in the Emei music frog (Nidirana daunchina)
(Shen et al., 2019). However, the underlying neural mechanisms of
visual lateralization for anti-predatory behaviors are unclear.

In animals, anti-predatory behaviors are usually accompanied by
continuously gathering information through their visual systems
over a short period of time in order to make quick decisions to avoid
predation for survival and reproduction (Fernández-Juricic, 2012;
Hemmi and Zeil, 2005). This behavior may follow a series of steps
to reduce the mortality rate in the event of a predator attack:
scanning the context through a visual search, detecting the predator,
identifying the predator right after detection, tracking it visually, and
changing behavior to reduce visibility and/or escape (Cronin, 2005;
Lima and Dill, 1990). Previous studies have shown that cognitive
processes are governed via brain oscillations (Basa̧r et al., 2001),
which can be divided into several bands and might be involved in
different brain functions, including sensory registration, perception
(Romano et al., 2017), movement and cognitive processes related to
attention, learning, memory and decision making (Basa̧r et al.,
2001; Mazza and Pagano, 2017). For example, our previous studies
have shown that auditory perception in the music frog is closely
linked to dynamic activities of diverse EEG bands (Fang et al.,
2012b) and specific event-related potentials (Fan et al., 2019; FangReceived 6 July 2020; Accepted 15 September 2020
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et al., 2015). In addition, because discrete brain regions are
specialized for different cognitive functions (Kandel et al., 2013), it
seems reasonable to hypothesize that eye preferences during anti-
predatory behaviors might be associated with different activity
patterns of specific EEG bands in specific brain regions.
In order to explore whether eye preferences exist in the music frog

when it encounters a predator and how the visual central nervous
systemmight govern such preferences, we investigated anti-predatory
responses in this species at behavioral and electrophysiological levels.
To do this, numbers of anti-predatory responses and power spectra of
each EEG band were counted and analyzed, respectively, when a
predator stimulus (a model snake head) was moved into the animal’s
left visual field (LVF) or right visual field (RVF). We predicted that
(1) presentations of the predator stimulus in the LVF would elicit
more anti-predatory responses compared with presentations in the
RVF because the right hemisphere mediates fear and other emotional
responses (Lippolis et al., 2002); (2) EEG power spectra in the right
hemisphere would be higher than those in the left counterpart during
anti-predatory responses because the optic nerve fibers decussate
almost completely in the anuran visual system (Fite and Scalia, 1976;
Rogers, 2002a), although a number of commissures may engage in
inter-hemispheric communication (Halpern et al., 1968; Scalia,
1976); and (3) differences in power spectra in specific EEG bands
would exist between the LVF and RVF because EEG bands
interweave strongly with sensory and cognitive functions in the
brain (Basa̧r et al., 2001).

MATERIALS AND METHODS
Animals
During the breeding season, 47 adult music frogs [Nidirana
daunchina (Chang, 1933)] (27 males and 20 females) were captured
from the Emei mountain area (29.60°N, 103.36°E, 1315 m above sea
level) of Sichuan, China. The frogs were separated by sex and housed
in different opaque plastic tanks (45×35 cm and 30 cm high), which
contained ∼3 cm water and ∼8 cm soil around the walls so that the
animals could burrow and hide themselves. The tankswere placed in a
soundproof room under a 12 h:12 h light-dark cycle (lights on at
08:00 h) with controlled temperature (23±1°C) and relative humidity

(70–80%). They were fed live crickets every 3 days. All frogs were
used for the behavioral experiments, and 12 of them (six males and six
females) were also used for the electrophysiological experiments. The
mean mass and length (±s.d.) of the subjects was 8.6±1.2 g and 4.9
±0.2 cm, respectively. The experimental procedures were approved by
the Animal Care and Use Committee of Chengdu Institute of Biology
and carried out according to international standards of animal care and
use.

Surgery
Surgical procedures were similar to those described in our previous
studies (Fan et al., 2019; Fang et al., 2012a; Yue et al., 2017). In
brief, we anesthetized the animals deeply via a water bath with a
0.15% (0.0015 g ml−1) solution of tricaine methanesulfonate
(MS-222) and determined the optimum depth of anesthesia by the
loss of the toe pinch response. After anesthesia, we implanted six
cortical EEG electrodes, composed of miniature stainless steel
screws (0.8 mm in diameter), inside each frog’s skull and above
both sides of the telencephalon (LT, RT), diencephalon (LD, RD)
and mesencephalon (LM, RM), and implanted the reference
electrode above the cerebellum (Fig. 1). We used dental acrylic to
fix the electrodes on the skull. The animals were housed
individually for 6 days for recovery before conducting further
experiments. After all experiments were completed, we euthanized
the animals with an overdose of MS-222 solution and confirmed the
electrode locations by injecting Hematoxylin dye through the skull
holes used for implanting the recording electrodes previously.

Behavioral testing apparatus
The testing apparatus was described in detail in our previous study
(Shen et al., 2019). Briefly, a cylindrical cup (13 cm in height, 7 cm
in diameter) made of transparent polymethyl methacrylate (PMMA)
was hung in the middle of a U-shaped PMMA frame, and a white
plastic wafer (22 cm in diameter) was adhered to the bottom of the
cup for minimizing visual interference (Fig. 2). An electric turntable
(5 cm in height, 20 cm in diameter) was placed beneath the cup, and
its rotation direction and velocity could be controlled by a PC via
WiFi. A PMMA bar was bent to form a right angle and adhered on a
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Fig. 1. Placement of electrodes onmusic frogs (Nidirana daunchina) and 10 s of typical EEG tracings for each channel in experiments. The intersection
of the three bold dashed lines in the frog head denotes the intersection of suture lines corresponding to lambda. The numbers indicate the electrode coordinates
with respect to lambda as the origin of coordinates. LT, RT, LD, RD, LM and RM denote the left and right sides of the telencephalon, diencephalon and
mesencephalon, respectively; C denotes the reference electrode implanted above the cerebellum.
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PMMA board on the electric turntable. All the components were
surrounded by a white opaque plastic cylinder (30 cm in height,
40 cm in diameter). A video camera with infrared light source and
motion detector (VSD-611H, Viesida Ltd, Shenzhen, China) was
fixed on a tripod and positioned centrally ∼1 m above the test
apparatus to record behaviors of the animals.

Stimuli and test procedure
The head of a model of a snake (Zaocys dhumnades), which
distributes sympatrically with the music frogs, was used as a
predator stimulus, and fresh leaves of similar size to the model snake
head were used as the control. The head, with white eyes and red
tongue, was 6×2×1.5 cm, and was tethered using a white cotton
thread and fixed to the end of the bar (Fig. 2). The distance between
the stimulus and the cup containing the subject was maintained at
∼2 cm.
The experiments were conducted in an electromagnetically shielded

and soundproof chamber, during which the background noise,
temperature, relative humidity and light intensity were maintained at
23.0±1.7 dB, 24±1°C, 68–75% and 0.07 lx, respectively. Before the
behavioral tests, the subject was placed in a cup containing water to a
depth of ∼1 cm, and the stimulus was moved behind the subject using
the electric turntable. The stimulus circled the frog five times in a
clockwise or anti-clockwise direction at a constant velocity of
2.4 revolutions min−1 (14.4 deg s−1) after the frog had remained
motionless for ∼1 min. The other direction was selected and the same
procedure was conducted again after a 2-min break. The rotation
direction of the stimulus for the first five circles was randomized
between blocks to offset possible bias. After the behavioral tests had
been completed for each individual, the cupwaswashed andwater was
added for the next individual, and the subject was returned to its home
tank.
Before EEG signal recordings, the subject was placed in the cup

and connected to the signal acquisition system (OmniPlex 64-D,
Plexon, USA) for habituating for ∼10 min. The low-pass filter and

notch filter of the amplifiers and the sampling frequency were set at
100, 50 and 1000 Hz, respectively. The stimulus presentation was
the same as for the behavioral tests. The experimenter pressed a
button as soon as the anti-predatory behaviors of the subjects were
elicited so that a trigger would be sent to the signal acquisition
system and a red light-emitting diode outside the white opaque
plastic cylinder would light for synchronizing behavioral and EEG
data.

Data processing
Based on a previous study conducted in toads (Lippolis et al., 2002),
we analyzed anti-predatory behaviors including avoiding responses
(e.g. attack responses, backwards walks, and sideways or forward
jumps), but not other behaviors, such as standing still and directing
responses towards the stimulus (arching, lowering and exhaling),
because of the difficulty in discriminating them. Anti-predatory
behavioral responses in the visual midline (but not around the
midline) were not considered or analyzed (Vallortigara et al., 1998).
Accordingly, the numbers of ‘avoiding responses’ for each visual
field and each rotation direction were counted. Furthermore, laterality
preference for each subject was calculated using a laterality index (LI)
(Bisazza et al., 2000), i.e. the ratio of the difference in numbers of
anti-predatory responses between the RVF and LVF and the total
number of these responses. Values significantly higher than 0 indicate
a right-eye bias, whereas values significantly lower than 0 indicate a
left-eye bias. In addition, we measured the avoiding angle for each
subject towards the stimulus using a screen ruler software package
(MB-Ruler 4.0, Markus Bader Software Solutions, Iffezheim,
Germany). To test whether the subject responded uniformly when
the stimulus was located in different positions of the animal’s visual
fields measured previously (Shen et al., 2019), the numbers of
responses and LI for each direction were acquired for the binocular
visual field (from −14 to +14 deg), the middle part of the monocular
visual field (from −14 to−60 or 14 to 60 deg) and the last part of the
monocular visual field (from −60 to −150 or 60 to 150 deg).

Prior to analyzing power spectra, artifact-free 3 s EEG segments
before the onset of every anti-predatory response were extracted.
The EEG raw data were filtered offline using a band-pass filter of
0.5−45 Hz, downsampled at 512 Hz and divided into 1 s epochs.
Using Welch’s method with 0.5 Hz resolution and Hamming
window, EEG power spectra were calculated for each epoch,
channel, visual condition (i.e. out of sight, LVF and RVF) and EEG
band (i.e. delta, theta, alpha and beta) for every individual (Fang
et al., 2012a). Power spectra were averaged across the three epochs
before further statistical analysis.

Statistical analyses
The Shapiro−Wilk W test and Levene’s test were used to assess the
normality of distribution and the homogeneity of variances of
the values, respectively. Because the behavioral data failed to meet the
statistical assumptions, the Wilcoxon signed ranks test was conducted
for the eye preferences of the subjects during anti-predatory responses,
while the Mann–Whitney U-test was used to test the differences in
numbers of anti-predatory responses between males and females. In
addition, the one-sample Wilcoxon signed ranks test was used to
assess visual lateralization at group level. For electrophysiological
data, there were nine frogs (five males and four females) that
responded to the predator stimulus in both the LVF and RVF during
anti-clockwise direction, of which four (two males and two females)
responded to the predator stimulus in both the LVF and RVF during
the clockwise direction. Two-way repeated-measures ANOVA was
conducted with the factors of ‘brain area’ (LT, RT, LD, RD, LM and

Fig. 2. The testing apparatus for behavioral and EEG experiments on N.
daunchina. The subject was placed in a cylindrical cup made of transparent
polymethyl methacrylate (PMMA), which was hung in themiddle of a U-shaped
frame. A bar made of transparent PMMA was bent to form a right angle and
adhered onto a PMMA board placed on the electric turntable. A white plastic
wafer was adhered to the bottom of the cup to try to avoid visual interference. In
addition, a white opaque plastic cylinder surrounded all the components.
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RM) and ‘visual condition’ (out of sight, LVF and RVF) for EEG
power spectra in the anti-clockwise direction. Both main effects and
interactions were examined. If the interaction was significant, the
simple effects analysis was applied. If ANOVA returned a significant
difference, multiple comparisons were conducted using the least
significant differences test. Greenhouse−Geisser epsilon values were
employedwhen the assumption of sphericity was violated. Effect sizes
for ANOVAs were estimated via partial η2 (the values 0.20, 0.50 and
0.80 denote small, medium and large effect sizes, respectively)
(Cohen, 1992). For the clockwise direction, the values failed to meet
the statistical assumptions. Accordingly, Friedman test was conducted
for the factors brain area and visual condition, but not considering sex
because of small sample size. SPSS software (release 23.0) was
employed for statistical analysis and P<0.05 was considered
significant.

RESULTS
The results of anti-predatory behaviors
For all subjects, regardless of sex, no significant eye preferences
were found in the control condition for total (pooled data regardless
of the rotation direction of the stimuli; Z=−0.381, N=29, P=0.703),
clockwise (Z=−0.504, N=29, P=0.614) and anti-clockwise
(Z=−1.415, N=29, P=0.157) directions (Fig. 3A). For females,
there was no visual bias for total (Z=−1.133, N=15, P=0.257),
clockwise (Z=−0.642, N=15, P=0.521) and anti-clockwise
(Z=−0.832, N=15, P=0.406) directions (Fig. 3B). Similarly, for
males, there was no visual bias for total (Z=−0.611, N=14,

P=0.541), clockwise (Z=−1.399, N=14, P=0.180) and anti-
clockwise (Z=−1.311, N=14, P=0.190) directions (Fig. 3C). For
all subjects, no significant difference between LI and 0 was found
for the pooled data regardless of the visual field and rotation
direction (VFA; P=0.753), the pooled data for the clockwise
direction regardless of the visual field (CVFA; P=0.975) and the
pooled data for the anti-clockwise direction regardless of the visual
field (AVFA; P=0.496; Fig. 3D). In addition, there was no
significant difference between the two sexes for total, clockwise
and anti-clockwise directions.

When the model snake head was presented, all subjects had a
tendency to left-eye preference for total, anti-clockwise and
clockwise directions, although this difference did not reach
statistical significance (Fig. 3E and Fig. 4). However, significant
left-eye preference was shown for the last part of the monocular
visual field (from −60 to −150 or 60 to 150 deg) under anti-
clockwise (Z=−2.326, N=47, P=0.020; P=0.035 for LI) but not
clockwise (Z=−0.212, N=47, P=0.832; P=0.935 for LI) directions.
No eye bias could be found for the binocular visual field (from −14
to +14 deg; for clockwise, Z=−1.155, N=13, P=0.248 and P=0.317
for LI; for anti-clockwise, Z=−1.414, N=13, P=0.157 and P=0.180
for LI) and the middle part of the monocular visual field (from −14
to −60 or 14 to 60 deg; for clockwise, Z=−0.890, N=35, P=0.374
and P=0.452 for LI; for anti-clockwise, Z=−0.383, N=35, P=0.701
and P=0.802 for LI; Fig. 4). For females, significant left-eye
preference was shown for total (Z=−2.271,N=20, P=0.023), but not
for anti-clockwise (Z=−1.733, N=20, P=0.083) and clockwise
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stimulus (the head of the snake model) was presented for
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(Z=−0.476, N=20, P=0.634; Fig. 3F). By contrast, for males, no
significant visual bias was found for total (Z=−0.610, N=27,
P=0.542), clockwise (Z=−0.154, N=27, P=0.877) and anti-
clockwise (Z=−0.446, N=27, P=0.656; Fig. 3G). Similar sex
differences could be found for the last part of the monocular visual
field but not for other parts. Furthermore, for all subjects, the LI was
significantly smaller than 0 for VFA (P=0.044) and AVFA
(P=0.026), but not CVFA (P=0.934; Fig. 3H). In addition, there
was no significant difference in LI between the two sexes for total,
clockwise and anti-clockwise.

Power spectra for each EEG band during anti-predatory
behaviors
For delta band and clockwise direction, the main effects of the factor
brain area, but not visual condition, were significant for out of sight
(χ2=12.571, d.f.=5, P=0.028) and LVF (χ2=13.571, d.f.=5,
P=0.019; Fig. 5A). However, there were no significant differences
between the left and right sides of the telencephalon, diencephalon
or mesencephalon (LT, RT, LD, RD, LM and RM, respectively) for
each visual condition. For the anti-clockwise direction, the main
effects were significant for the factors brain area (F5,40=11.842;
P<0.001, partial η2=0.597) and visual condition (F2,16=3.666;
P=0.049, partial η2=0.314). There were no significant differences
between the left and right hemispheres for each visual condition;
however, the delta power spectra for LVF were significantly higher
than those for out of sight (P<0.05; Fig. 5B).
For theta band and clockwise direction, the main effects of the

factor brain area, but not visual condition, were significant for LVF
(χ2=15.000, d.f.=5, P=0.010) and RVF (χ2=11.429, d.f.=5,
P=0.044; Fig. 5C), while for the anti-clockwise direction, the
main effect was significant for the factor brain area (F5,40=16.785;
P<0.001, partial η2=0.677; Fig. 5D). However, there were no
significant differences between the left and right hemispheres for
each visual condition in both directions.

For alpha band and clockwise direction, the main effects of the
factor brain area were significant for out of sight (χ2=14.286, d.f.=5,
P=0.014) and LVF (χ2=16.714, d.f.=5, P=0.005), while the main
effect of the factor visual condition was significant for LM
(χ2=6.500, d.f.=2, P=0.039). However, there were no significant
differences between the left and right hemispheres for each visual
condition or between different visual conditions for LM (Fig. 5E).
For the anti-clockwise direction, the main effect was significant for
the factor brain area (F5,40=17.515; P<0.001, partial η2=0.686), and
the interaction between brain area and visual condition was also
significant (F10,80=4.247; P<0.001, partial η2=0.347). The power
spectra of the LD were significantly higher than those of the RD for
out of sight (P<0.05), and the power spectra of the RT for LVF were
significantly higher than those for out of sight (P<0.05; Fig. 5F).

For beta band and clockwise direction, the main effects of the
factor brain area were significant for out of sight (χ2=12.286, d.f.=5,
P=0.031) and LVF (χ2=16.143, d.f.=5, P=0.006), while the main
effect of the factor visual condition was significant for LM
(χ2=6.500, d.f.=2, P=0.039). However, there were no significant
differences between the left and right hemispheres for each visual
condition or between different visual conditions for LM (Fig. 5G).
For the anti-clockwise direction, the main effect was significant for
the factor brain area (F5,40=6.082; P<0.001, partial η2=0.432;
Fig. 5H). However, there were no significant differences between
the left and right hemispheres for each visual condition.

DISCUSSION
Our results showed no significant differences in the numbers of anti-
predatory responses for the control (leaf); however, the number of
anti-predatory responses for the LVF was significantly greater than
that for the RVF when the predator stimulus was presented, although
for males this difference did not reach statistical significance.
Compared with no stimulus in the visual field, the power spectra of
delta band were significantly greater when the predator stimulus was
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Fig. 4. Anti-predatory responses in N. daunchina with respect to visual fields. (A,B) Anti-predatory responses when the predator stimulus was circled
clockwise (A) and anti-clockwise (B). The positions of anti-predatory responses are denoted by the angles (in deg) of predator stimuli from the frog’s midline when
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shown. The extent of visual fields in the horizontal plane at eye level was determined by measuring the angle at which the pupil could no longer be seen using an
ophthalmoscope (Lippolis et al., 2002; Martin, 1984; Shen et al., 2019).
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moved into the LVF in an anti-clockwise direction. Generally, the
power spectra of each band for the LVF were higher in the right
hemisphere than in the left hemisphere. These results support a left-
eye advantage for mediating monitoring of a predator in music frogs,
and that low-frequency EEG oscillations possibly underlie this left-
eye/right-hemisphere advantage.

Left-eye preference for vigilance responses to the predator
Animals are continuously gathering information through their
visual field to make the optimal cognitive decisions for survival and
reproduction success, during which predatory and anti-predatory
behaviors are crucial for survival, and survival hinges on the early
detection of predators (Fernández-Juricic, 2012). Here, we found no
lateralized eye use when leaves of simple structure were presented,
consistent with the idea that visual processing of a simple stimulus is
not functionally lateralized and is carried out in the left and right
optic tectum at a lower processing level of neural circuits with an

equivalent role (Rogers, 2002b; Vallortigara, 2000). Similarly,
compared with a complex prey stimulus, a simple stimulus evoked
non-significant eye lateralization for predatory responses in toads
(Robins and Rogers, 2004) and music frogs (Shen et al., 2019),
suggesting that a simple structure lacking appendages does not elicit
lateralized prey behavior, unlike a complex prey stimulus.

When the model snake head appeared in the LVF it elicited more
anti-predatory responses than when moved into the RVF, indicating
that left-eye advantage exists during anti-predatory behavior in the
music frog. In line with this, previous studies have found that more
escape and defensive responses were evoked when the model snake
was in the left monocular visual field in toads and marsupial mice
(Lippolis et al., 2002, 2005). Because the lateral field of each eye
projects mainly to the contralateral side of the brain in most species of
vertebrates (Vallortigara et al., 1999), these findings, including the
present results, suggest that the neural structures located in the right
hemisphere are more specialized for anti-predatory behavior compared
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with those located in the left hemisphere. The right hemisphere might
therefore be more involved in response to unexpected, dangerous
events or negative stimuli, and the model snake head represents a
negative stimulus for the subject. Our results support both the ‘valence
theory’, which presumes that the right hemisphere is mainly used to
process negative stimuli (Prete et al., 2015; Siniscalchi et al., 2013),
and the ‘brain’s right hemisphere’ theory, which proposes that the right
brain is preferentially used to process information concerning novel
events in which the animal may be in an intense emotional state (e.g.
aggression, fear and escape behavior) and should respond rapidly
(MacNeilage et al., 2009; Rogers et al., 2013).
Left-eye/right-hemisphere dominance to control aggressive and

anti-predatory behaviors, exposing the left side of the body to a
predator or conspecifics, might be advantageous during novel or urgent
situations to execute physical behaviors for protection and escape
(Quaresmini et al., 2014). Consistent with this, right hemispheric
superiority underlies the perceptual lateralization in social behaviors of
many phylogenetically diverse taxa (Brancucci et al., 2009; Salva
et al., 2012). For example, highly aggressive or anti-predatory
behaviors are significantly more likely to occur when the left eye
sees an opponent or predator, which is found in a variety of species
including cuttlefish (Schnell et al., 2016; Schnell et al., 2019), locusts
(Romano et al., 2017), amphibians (Robins and Rogers, 2006), reptiles
(Hews et al., 2004), birds (Vallortigara et al., 2001), mammals (Austin
and Rogers, 2012, 2014), primates (Casperd and Dunbar, 1996;
Quaresmini et al., 2014) and even humans (Forrester et al., 2014).
These findings suggest that the brain asymmetry could be inherited
from a common ancestor (Rogers and Andrew, 2002). Social pressures
and evolutionarily stable strategies can have an influence on visual
lateralization. The former produce fitness advantages for individuals
that have their biases aligned with other individuals in a group
(Ghirlanda and Vallortigara, 2004), while the latter are based
exclusively on fitness consequences that exist during intraspecific
competition and coordination (Ghirlanda et al., 2009). Furthermore,
visual lateralization for predator and prey can be affected by other
factors, including the complexity of stimulus structure and familiarity
of stimuli (Ewert and Kehl, 1978; Ingle and Mckinley, 1978), the sex
and age of subjects (Thieltges et al., 2011), and the attributes of the
microhabitat (Fernández-Juricic, 2012; Shepard, 2007). Interestingly,
our results showed that significant lateralized defensive responses were
exhibited only for the last part of the monocular visual field
(comparing the numbers of responses from −60 to −150 deg with
those from 60 and 150 deg) for the anti-clockwise direction,
suggesting that more defensive responses could be evoked when the
predator stimulus was about to disappear anti-clockwise. Similar
findings show that primates are more likely to direct agonistic
responses towards a conspecific in their extreme LVF than to one in
their RVF, indicating dominance of the right hemisphere in the
processing of emotional information (Casperd and Dunbar, 1996).
Our results also showed significant left-eye advantage in females,

but not males, when the predator stimulus moved into the LVF.
Moreover, the number of behavioral responses in females was
greater than that in males, although this difference did not reach
statistical significance. These results suggest that there could be sex
differences in laterality, consistent with a previous study that
showed differences in strength and direction of laterality between
male and female pigs (Camerlink et al., 2018). The sex differences
imply that, at least to some extent, females are more careful,
cautious and fearful of environmental stimuli (especially dangerous
ones such as predators) than males, which has been suggested to be
related to the influence of corticosterone (in birds), estrogen and
testosterone (Rogers et al., 2013).

Low-frequency EEG oscillations might govern left-eye
advantage during anti-predatory behaviors
In this study, the power spectra of delta band for the LVF were
significantly greater than those for no stimulus in the visual field
when the predator stimulus was moved into the LVF anti-clockwise,
but not clockwise. In line with this, defensive behaviors in toad
(Bufo regularis) and common frog (Rana temporaria) are
accompanied by an extensive increase in delta band (Laming,
1982). Delta oscillations are continuously predominant EEG
rhythms in poikilotherms, and the highest amplitude exists during
active waking but not during sleep (Knyazev, 2012). Furthermore,
the delta oscillations show an arousal reaction, which consists of
growth in delta amplitude and synchrony, unlike those in birds and
mammals, which show quite different arousal reactions of low
amplitude and mixed frequencies (Rial et al., 2007). They play a key
role in the brainstem system, as they exert regulatory effects on the
cardiovascular, respiratory and motor systems, processing of the
afferences and vigilance (Langhorst et al., 1992). For example,
enhancements in delta band can be triggered by biological dangers
and rewards, which are involved in attention, saliency detection and
decision making (Basa̧r-Eroglu et al., 1992; Knyazev, 2012). Thus,
it is reasonable to speculate that the increase in delta power spectra
might result from demands for maintaining high vigilance and
saliency detection during anti-predatory behaviors.

Recent studies suggest that alpha oscillations are related to
attention and may serve as an attentional mechanism for focusing
on relevant stimuli, either through increasing signal-to-noise ratios
within the cortex or via inhibition of conflicting and/or unnecessary
processes for the task in hand (Klimesch, 2012). For example,
previous studies have shown that processing inputs and suppressing
information is mainly associated with an increase in alpha power
(Händel et al., 2011; Jensen et al., 2012). Moreover, the processing of
the stimuli needed tomake corresponding behavioral responsesmight
be a synchronization process related to alpha oscillations. Anti-
predatory responses are the decision outcome of the sensorimotor
network in the brain, andwe here found that increases in power output
within the alpha band in the RT matched closely with the dynamic
properties of the visual signals moved into the LVF anti-clockwise.
Because important neuroanatomical features of vertebrate
brain have been conserved during evolution (Finlay et al., 2001;
Northcutt, 2002), alpha oscillations in anurans would be expected
to increase while making a decision, such as in prey and anti-
predatory responses, which require time for collecting and
processing input information, such as when the predator appears
in the LVF of animals. This speculation is consistent with a
previous study that showed that defensive behaviors in anurans
result in an increase in alpha oscillations (Hobson, 1967).
Moreover, right hemisphere dominance exists during stimulus-
driven shifts in spatial attention and target detection (Shulman
et al., 2010), which might have evolved in amphibians and has
been retained insofar as the RT of frogs is engaged in spatial
attention and target detection for anti-predation.

Although no significant differences were found between the two
sides of the brain areas, the power spectra of theta and beta bands were
greater when the predator stimulus was moved into the LVF anti-
clockwise than for other visual conditions. Distributed oscillatory
systems with various bands act as resonant communication networks
through large populations of neurons; these oscillations might be vital
for functional communication in the brain in relation to vigilance,
defensive, memory and integrative functions (Basa̧r et al., 2001).
Thus, their power increase in the right hemisphere might play a
crucial role in anti-predatory behavior (i.e. vigilant and defensive
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state). EEG power spectra increases in output within each EEG band,
especially in delta band, matched closely with the dynamic properties
of the visual signals moved into the LVF anti-clockwise, but not
clockwise, which might reflect the fact that anti-predatory responses
require time for the collection and processing of input information,
similar to predatory responses (Shen et al., 2019). In summary, music
frogs exhibited a visual lateralization for anti-predatory behavior with
the left eye, which was in accord with results from previous studies on
other species, and preferred to process anti-predatory cues with the
right brain hemisphere. The power EEG band, especially in delta and
alpha, increases in the right hemisphere possibly underlie this left-eye
advantage for anti-predatory behavior. Further study is required to
verify the specific functions of each frequency band in lateralization
of anti-predatory behavior in music frogs.
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