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Right ear advantage (REA) exists in many land vertebrates in which the right ear and left hemisphere preferentially
process conspecific acoustic stimuli such as those related to sexual selection. Although ecological and neural mechanisms
for sexual selection have been widely studied, the brain networks involved are still poorly understood. In this study we
used multi-channel electroencephalographic data in combination with Granger causal connectivity analysis to demonstrate, for the first time, that auditory neural network interconnecting the left and right midbrain and forebrain function
asymmetrically in the Emei music frog (Babina daunchina), an anuran species which exhibits REA. The results showed
the network was lateralized. Ascending connections between the mesencephalon and telencephalon were stronger in the
left side while descending ones were stronger in the right, which matched with the REA in this species and implied that
inhibition from the forebrain may induce REA partly. Connections from the telencephalon to ipsilateral mesencephalon in
response to white noise were the highest in the non-reproductive stage while those to advertisement calls were the highest
in reproductive stage, implying the attention resources and living strategy shift when entered the reproductive season.
Finally, these connection changes were sexually dimorphic, revealing sex differences in reproductive roles.
[Xue F, Fang G, Yue X, Zhao E, Brauth SE and Tang Y 2016 A lateralized functional auditory network is involved in anuran sexual selection.
J. Biosci. 41 713–726]

1.

Introduction

Right ear advantage (REA) has been identified in many land
vertebrate species, i.e. in which the left hemisphere (the right
ear) preferentially processes conspecific acoustic stimuli
while the right hemisphere (the left ear) dominates interspecific and environmental sounds (Vallortigara et al. 2011).
Individuals with REA could process acoustic information
more efficiently and thus respond more rapidly to acoustic
stimuli such as courtship signals (Vallortigara 2006), which
plays a critical role in the sexual selection of vocal
Keywords.

communication species (Andersson 1994; Maan and
Seehausen 2011). During reproductive season, males display
their traits and/or compete with other males to control
resources in order to attract females while females choose
males on the basis of male displays and competitive encounters in order to maximize reproductive success and increase
offspring quality (Mays and Hill 2004; Andersson and Simmons 2006; Clutton-Brock 2007). Sexual selection is therefore associated with complex decision-making processes
including individual recognition and risk assessment
(Gibson and Langen 1996; Fisher et al. 2002; Castellano
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2010; Boogert et al. 2011). It is well known that these
cognitive processes are dependent on large-scale networks
(i.e. function networks) which can manifest as synchronized
activity within separated brain areas connected by anatomical structures (i.e. the structure networks) (Varela et al. 2001;
Sporns et al. 2004; Bullmore and Sporns 2009). Although
the brain structures underlying sexual selection have been
widely studied (Jacobs 1996; Lande 1980; Fisher et al. 2005;
Lindenfors et al. 2007), the related function networks have
received much less attention.
Granger causal connectivity analysis (GCCA) is a mathematical tool based on linear regression modeling of stochastic
processes (Granger 1969), which can be used to identify
directed functional (i.e. causal) interactions. It has been used
with electroencephalogram (EEG) time series data by implementing a statistical, predictive notion of causality whereby
causes precede to help predict their effects in the time and
frequency domains (Gao et al. 2015; Seth et al. 2015). GCCA
allows for the conditioning out of common causal influences
and thus is a useful method for recognizing central nervous
system networks underlying specific cognitive processes, such
as processing conspecific communication sounds. Since the
changes in the EEG properties can indicate the corresponding
changes in cognitive processes (Rugg and Coles 1995; De
Vico Fallani et al. 2009), which is related to dynamic changes
in neural activity within function networks (Sporns et al. 2004;
Bullmore and Sporns 2009), studying the EEG data with
GCCA methods provides a chance to investigate the brain
networks through the auditory signal processing related to
sexual selections in the species reproductively communicated
by vocalization, such as frogs.
Previous studies in the Emei music frog (Babina
daunchina), a seasonally breeding anuran species (Cui et al.
2010, 2012; Fang et al. 2014a), have shown that relative EEG
power within the theta band differs significantly when the
frogs listen to conspecific calls versus novel sounds such as
white noise during their reproductive season (Fang et al.
2012b), which may result from dynamic changes in function
networks. Furthermore, previous behavioral and electrophysiological studies have shown REA for recognizing conspecific
signals in this species (Fang et al. 2014b; Xue et al. 2015), and
that left mesencephalic lateralization of EEG power is more
pronounced in the reproductive than in the non-reproductive
stage (Fang et al. 2011). EEG studies also reveal sexual
dimorphism in dark-light activity patterns (Yang et al. 2014).
Since sexual selection in anurans is highly dependent on
acoustic communication, the existence of lateralized EEG
response changes in this species related to the biological
significance of acoustic stimuli, reproductive status, and sex
suggests that the music frog is an ideal model to investigate
auditory function networks involved in mate choice.
Although the anuran brain is much less differentiated than
the mammal’s, there are many homologous brain areas
J. Biosci. 41(4), December 2016

serving similar functions (Butler and Hodos 2005) reflecting
the highly conserved organization of brain networks across
land vertebrates (Bullmore and Sporns 2009). It is important
to note that low-frequency EEG bands in anurans are very
similar to those in humans (Fang et al. 2012a) and theta EEG
band recorded from the frog telencephalon have been found
to serve similar functions as those in mammals (Başar et al.
2001; Sauseng et al. 2008; Akre and Ryan 2010). Therefore,
the use of EEG data in frogs to study brain networks will not
only provide insights into brain function in anurans but may
reveal conserved evolutionary trends of the brain functions
across species including humans.
In the present study, the EEG activity was recorded in
male and female music frogs during silence and during playbacks of white noise and two kinds of conspecific male calls
in both the reproductive and non-reproductive stages. Using
GCCA, we calculated the magnitudes and directions of
Granger causal connections between the midbrain and forebrain of the left and right hemispheres (Seth et al. 2015). In
view of previous studies showing that EEG responses vary
under different conditions, we predicted that the related
function networks would be lateralized and dynamic in response to (1) different types of acoustic stimuli consistent
with previous studies showing that the biological significance of the stimuli is salient to the auditory system (Fang
et al. 2014b; Xue et al. 2015); (2) reproductive status consistent with the fact that previous studies have shown EEG
differences between reproductive stages (Fang et al. 2011);
and (3) sex, insofar as previous studies have shown that
sexual differences exist for anuran auditory system functioning (Narins and Capranica 1976; Boyd and Moore 1992),
reproductive behavior (Cui et al. 2012; Fang et al. 2014a)
and relative EEG power in daily rhythm (Yang et al. 2014).
2.

Materials and methods
2.1

Animals

Thirteen frogs (five males and eight females) were collected
from several ponds in the Emei Mountain area (29.60°N,
103.36°E, elevation of 1,315 m above sea level), Sichuan,
China. The frogs were separated by sex and housed in two
opaque plastic tanks (45 cm × 35 cm and 30 cm deep)
containing about 3 cm water with about 5 cm of mud
distributed around the walls within which the frogs could
shelter themselves. The tanks were placed in a room under
controlled temperature (23±1 °C) and relative humidity (70–
80%) with a 12:12 light-dark cycle (lights on at 08:00 h)
using a fluorescent lamp. The animals measured 4.56
±0.09 cm (mean ± SE) in body length and 10.38±0.69 g in
mass at the time of surgery. The animals were fed live
crickets (bought from a pets’ fodder shop) every three days.
All experiments were conducted in accordance with the Law
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of the People’s Republic of China on the Protection of
Wildlife and approved by the Chengdu Institute of Biology
Animal Care Committee.
2.2

Surgery

Detailed surgical procedures have been described previously
(Fang et al. 2011). In brief, four cortical EEG electrodes,
composed of miniature stainless steel screws (ϕ 0.8 mm),
were implanted on the frog skull after anesthesia. The electrodes were implanted above the left and right sides of the
telencephalon (LT and RT) and mesencephalon (LM and
RM). Thus R1, R2, R3, and R4 refer to electrodes for the
left telencephalon (LT), right telencephalon (RT), left mesencephalon (LM) and right mesencephalon (RM) respectively and were referenced to the electrode above the cerebellum
(P) (figure 1). After the operation, animals recovered in their
home cages for 2 days with the same housing conditions as
before the experiments. At the end of the experiments, the
animals were euthanized by intraperitoneal injection of sodium pentobarbital, and hematoxylin dye was used to confirm recording electrode sites.
2.3

Stimulation

Babina males produce advertisement calls from within hidden burrows whose resonant properties alter the acoustic
properties of the calls. Phonotaxis experiments have shown
that 70% of females prefer calls produced from within the
burrows (Cui et al. 2012) which are hence more highly
sexually attractive (HSA) than those produced from outside
the burrows which are less sexually attractive (LSA). Moreover, males also prefer competing vocally with HSA calls
rather than with LSA calls (Fang et al. 2014a).
Four stimuli whose biological significance differed were
used as stimuli: HSA calls, LSA calls, white noise (WN) and
background noise (figure 2). HSA and LSA calls that

contained five notes recorded from the same individual were
chosen randomly from the dataset of our laboratory. WN was
synthesized with Adobe Audition (Adobe, USA) and its
duration was set as the average of the durations of the
HSA and LSA calls (about 1.2 s), containing a 15 ms period
with sinusoidal rise-fall characteristics to avoid transients.
The background noise was a neutral control, for it is a
normal ambient acoustic condition in natural environments.

2.4

Data acquisition

An opaque plastic tank (80×60 cm and 55 cm deep) containing mud and water was used for the experiments and was
placed in a soundproof and electromagnetically shielded
chamber (background noise, 23.0±1.7 dB). An infrared camera with a motion detector was mounted centrally about 1 m
above the tank for monitoring the locomotor activity of the
animal. The animal was placed in the experiment tank and
connected to the signal acquisition system (Chengyi,
RM6280C; Sichuan, China) and allowed to habituate for
about 24 h before the playback experiments. Two speakers
(SME-AFS, Saul Mineroff Electronics, Elmont, NY, USA)
were placed 1.7 m apart, equidistant from the opposite ends
of the tank with a rectangular hole (20 cm × 15 cm) at the
lower central wall area of each end. The reproductive stages
were managed in the animals with intraperitoneal injections
of gonadotropin-releasing hormone (GnRH-A6; Sichuan,
China; 1.25 μg per animal) as described in a previous study
(Fang et al. 2011).
The four stimuli were presented to the animals in a randomized sequence, such that each stimulus was presented
repeatedly for total 30 min in one block, with 4 s interstimulus intervals (ISI) between each stimulus presentation
(supplementary figure 1). Each stimulation block except for
the background noise one was followed by a 1 h silent
period, and all stimuli except for background noise were
equalized for intensity measured at the center of the tank

Figure 1. Electrode placements and 20 s of typical EEG tracings for each channel. The intersection of the three dashed lines in bold in the
frog head denotes the intersection of suture lines corresponding to lambda. Source: Adapted from Fang et al. (2012a, b).
J. Biosci. 41(4), December 2016
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Figure 2. Waveforms and spectrograms of the four stimuli: (A) white noise; (B) the highly sexually attractive call (HSA, produced from
within the burrow); (C) the call of low sexual attractiveness (LSA, produced from outside the burrow) and (D) the background noise.
Source: Adapted from Fang et al. (2014b).

(re 20 μPa, 65 dB SPL; Aihua, AWA6291; Hangzhou,
China). Electrophysiological signals were recorded from
the start of the experiments to the end. The band-pass filter
was set to 0.16–100 Hz for filtering EEG signals with a
hardware notch filter to eliminate possible interference at
50 Hz and improve the signal-noise ratio but not influence
causal connections of the data (supplementary tables 1 and
2). A sampling rate of 1000 Hz was used.

2.5

Data processing

The data analysis was conducted without considering eventbased patterns because the male competition and mate recognition could not be completed immediately and thus not be
time-locked accurately to the acoustic stimulus, based on the
findings that (1) perception of the acoustic stimulus and
decision-making is a dynamic process in anurans (Baugh and
Ryan 2010); (2) average response time under REA tests were
J. Biosci. 41(4), December 2016

found to be concentrated in the second minute (Xue et al.
2015) during stimulus presentations with constant ISI and 3)
REA in frogs results from the combined effects of structural
asymmetry (bottom-up) and attention modulation (top-down)
(Fang et al. 2014b), suggesting response related REA need not
be time-locked strictly with the acoustic stimulus.
Females usually make a choice in approximately 4 min in
phonotaxis experiments (Fang et al. 2012b); therefore, the first
5 min of EEG data were used for analysis. Each minute of EEG
data was processed and analyzed separately to compare the
dynamic changes occurring during presentation of the acoustic
stimuli under different conditions. Since short segments of
EEG data have been shown to be linear and covariance stationary on the time scale of 1–2 s (Bernasconi and König
1999), consistency tests were applied in the present study for
1 s, 1.5 s and 2 s epoch lengths. The 1 s epoch length was used
because the consistency tests yielded the best results. For
analysis EEG activity occurring of each 1minute, EEG segment was divided into 1 s epochs after multitaper filtering to
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further remove the 50 Hz mains electricity line-noise (Mitra
and Bokil 2007) and then preprocessed using the GCCA
toolbox for Matlab (The MathWorks Inc., Natick, MA) (Seth
2010). Specifically, each epoch was processed with detrending
and ensemble demeaning (Seth 2010). The covariance stationarity of epoch was checked by the Augmented Dickey Fuller
Test (Hamilton 1994) and the Kwiatkowski-Phillips-SchmidtShin test (Kwiatkowski et al. 1992). Since all epochs failed to
pass the tests, first-order differencing was applied to address
the covariance non-stationarity of each epoch. However, this
processing can induce acute variations of power spectra at
lower frequencies, which would be problematic for analysis
of frequency-dependent Ganger causality (Seth 2010). Therefore, only time-dominate Ganger causality was analyzed in the
present study. The optimal model order was automatically
selected using the Akaike information criterion (Akaike
1974). The Durbin-Watson test was applied to determine if
the residual was white (Durbin and Watson 1950). The consistency test assesses the portion of data captured by the
multivariate auto-regressive model (Ding et al. 2000) and
any epoch whose consistency was less than 70% was excluded
from further analysis.
Granger Causality (GC) values were calculated with a
significance threshold p=0.01, Bonferroni corrected (Seth
et al. 2015). The electrodes were defined as the nodes and
every node pair presented two granger causal connections with
values (i.e. GC connections). For example, in the Results,
LTtoLM stands for the GC connection from LT to LM, while
LMtoLT stands for the GC connection from LM to LT. Since
all GC values reached statistical significance, the values of a
given GC connection for one segment was obtained by averaging the values of this GC connection from all epochs of this
segment. Therefore, in a particular condition (i.e. stimuli type
× reproductive status × time groups), a data set with 12 GC
connections was computed for each animal.
The GC connections of animals in a given segment were
organized into a matrix for statistical analysis according to sex,
stimulus types and reproductive status. These significant GC
connections in each condition were averaged and used to draw
the networks using Pajek software (http://pajek.imfm.si)
(Batagelj and Mrvar 2004).
2.6

Statistical analysis

The normality of the distribution and homogeneity of variance of the values were tested using the Shapiro-Wilk W-test
and Levene’s test, respectively. For each matrix, the GC
connections were categorized into three groups according
to their flow direction: from telencephalon to mesencephalon
(TtoM), from mesencephalon to telencephalon (MtoT) and
between corresponding brain areas bilaterally (LandR). Repeated measures ANOVA with the within-subject factors
‘connection’, ‘stimulus’, ‘reproductive status’ and between-

subjects factor ‘sex’ was employed for each group. Then
three-way repeated measures ANOVA with the withinsubject factors ‘stimulus’, ‘reproductive status’ and the
between-subjects factor ‘sex’ was applied for each GC connection. The Greenhouse-Geisser epsilon (ε) values were
employed to correct the p values if necessary. Simple and
simple-simple effects analyses with the Least-Significant
Difference (LSD) were applied for significant dual and triple
interactions, respectively.
Effect size was determined with Cohen’s d for t-tests and
partial η2 for ANOVAs (Cohen’s d or partial η2= 0.20 is set
as small, 0.50 medium and 0.80 large effect sizes, respectively). SPSS software (release 19.0) was utilized for those
statistical analyses. A significance level of p<0.05 was used
in all comparisons; p values >0.05 and <0.1 were considered
as marginally significant (Utts and Heckard 2005).
3.

Results

For each stimulus, the first five minutes of EEG after stimulation onset were divided into five one minute segments in order,
for which Granger causal connectivity analysis was performed
individually. About 30 epochs were employed for each min,
each condition and each reproductive stage for each animal.
The coefficients of variation of GC values for each GC connectivity, each reproductive stage and each acoustic stimulus
are relatively high (supplementary tables 3–7), suggesting the
strength of connectivity varied among animals. Since the second segment (i.e. the second minute) showed the most significant differences under varied conditions, its causality network
was emphasized in this report while the results for the other
segments are presented more briefly.
3.1

Asymmetrical causality network in the second segment

The results of repeated measures ANOVA were obtained for
three GC groups (TtoM, MtoT, LandR). Each group yielded
four connections. Thus, for the TtoM group, the possible connections include RTtoRM, RTtoLM, LTtoLM and LTtoRM as
shown in table 1. The main effect for the factor ‘connection’
was significant for each GC group. In the TtoM group, the GC
value for RTtoRM was significantly higher than the other three,
while the GC value for RTtoLM was significantly higher than
the other two (F(3,33)=26.531, p=0.000, partial η2=0.707). In
the MtoT group, the GC value for LMtoRT was significantly
higher than the other three, while the GC value for LMtoLT was
significantly higher than the rest two (F(3,33)=21.407, p=0.000,
partial η2 =0.661). In the LandR group, the GC value for
RTtoLT was significantly higher than other three, while the
GC value for LTtoRT was significantly higher than the other
two (F(3,33)=12.379, p=0.000, partial η2=0.530).
The GC connections in the reproductive stage were marginally significantly higher than in the non-reproductive stage
J. Biosci. 41(4), December 2016

718

Fei Xue et al.

Table 1. The results for the GC connection groups with respect to the factors ‘connection’ and ‘reproductive status’
TtoM
Connection
F(3,33)
26.531
p
0.000*
ε
0.580
2
Partial η
0.707
LSD
RTtoRM>RTtoLM>LTtoLM/LTtoRM
Reproductive status
F(1,11)
0.005
p
0.947
ε
1
Partialη2
0.000
LSD
NA
Stimulus* Reproductive status
F(3,33)
2.990
p
0.055#
ε
NA
Partial η2
0.214

MtoT

LandR

21.407
0.000*
0.682
0.661
LMtoRT>LMtoLT>RMtoLT/RMtoRT

12.379
0.000*
0.468
0.530
RTtoLT>LTtoRT>LMtoRM/RMtoLM

3.613
0.084#
1
0.247
Rep>Non

0.010
0.921
1
0.001
NA

0.519
0.672
NA
0.045#

4.123
0.025*
NA
0.273

The symbols ' > ' denote that the magnitudes of Ganger causal connection on the left side of ' > ' are significantly larger than those on the
right side. F: the F value from ANOVA; partial η2 : effect size for ANOVA; ε: the values of epsilon of Greenhouse-Geisser correction; *:
p<0.05, # : p<0.1; Rep: reproductive stage; Non: non-reproductive stage; LT: left telencephalon; RT: right telencephalon; LM: left
mesencephalon; RM: right mesencephalon.

for the MtoT group (F(1,11)=3.613, p=0.084, partial
η2=0.247). The interaction effects of ‘stimulus’ and ‘reproductive status’ were statistically significant in the LandR group in
which the GC value for LTtoRT in response to the HSA call
stimuli was significantly higher than the background noise in
the reproductive stage (p=0.033, Cohen’s d =1.386). The
interaction between ‘stimulus’ and ‘reproductive status’ in
the TtoM group was marginally significant (p<0.1) and simple
effects analysis showed this difference was mainly caused by
LTtoLM and RTtoRM (subsection 3.3). Most notably, the
strongest descending connections were found in the right
hemisphere while the strongest ascending connections were
found in the left hemisphere. Moreover, the correlation between both sides of the telencephalon was stronger than that
between both sides of the mesencephalon (figure 3).

3.2

Causal connectivity is modulated by reproductive
status in the second segment

For each GC connection, there was a main effect on
LMtoLT and RMtoRT for the factor ‘reproductive status’
while the interaction between ‘reproductive status’ and
‘sex’ was also significant. Specifically, in males the GC
value for LMtoLT (F(1,4)=7.438, p=0.053, partial
η2=0.650) and RMtoRT (F(1,4)=6.922, p=0.058, partial
η2=0.634) in the reproductive stage were marginally
J. Biosci. 41(4), December 2016

significantly higher than those in the non-reproductive
while in females the similar pattern was evident although
the difference did not reach the significance level (table 2
and figure 4). The ascending ipsilateral GC connections
in the frog brain were stronger in the reproductive stage
than in the non-reproductive stage.

3.3

Sexual dimorphism exists in causal connectivity in the
second segment

There was a triple interaction among ‘sex’, ‘reproductive
status’ and ‘stimulus’ for LTtoLM and RTtoRM (table 2
and figure 4). Simple-simple effects analysis showed that
in males the GC value for LTtoLM in response to HSA was
significantly higher than for WN in the reproductive stage
(p=0.036, Cohen’s d=3.110) and this trend reversed in the
non-reproductive stage but did not reach the significance
level. In females, the GC value for RTtoRM in response to
LSA was significantly higher than that for WN in the reproductive stage (p=0.028, Cohen’s d=2.096) while the GC
value for WN was significantly higher than that for HSA in
the non-reproductive stage (p=0.048, Cohen’s d=1.809).
These results indicate that there are different patterns for
both sexes with significant descending causality in the left
hemisphere for males and in the right hemisphere for
females, and that stronger causal connectivity exists for
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Figure 3. Male and female causal brain networks during playbacks of different stimuli playbacks in the reproductive and nonreproductive stages. (A–D) Results for reproductive males, non-reproductive males, reproductive females and non-reproductive females,
respectively. The four columns represent results for playbacks of HSA, LSA, WN and background noise, respectively. Nodes are electrode
placements. The magnitudes of GC connections are coded by the thickness of the lines between the recording sites. The arrowheads indicate
the direction of GC connections. All displayed connections are significant at a threshold of p<0.01, Bonferroni-corrected.LT: left
telencephalon; RT: right telencephalon; LM: left mesencephalon; RM: right mesencephalon.

conspecific calls in the reproductive stage and for WN in the
non-reproductive stage.

3.4

Results for the 1, 3, 4 and 5 min segments

Similar to the results for the second segment, there was a
main effect for the factor ‘connection’ for each GC group in

each of the other four segments (p<0.01) (table 3). There
were main effects for the factor ‘reproductive status’. The
GC values in the reproductive stage were significantly
higher than in the non-reproductive stage for the connections
RMtoRT (p<0.05) and for LMtoLT in all segments (p<0.05
or p<0.1) although the difference for LMtoLT in the fourth
segment did not reach the statistical significance level
(table 3). Males exhibited higher GC connections than
J. Biosci. 41(4), December 2016
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Table 2. Simple effects analysis for the connection of LTtoLM, RTtoRM, LMtoLT and RMtoRT for each sex with respect to the factors
‘reproductive status’ and ‘stimulus’
Male

Female

LTtoLM
Reproductive
F(1,4)
p
ε
Partial η2
LSD
Stimulus
F(3,12)
p
ε
Partial η2
LSD
Reproductive
F(3,12)
p
ε
Partial η2

status
1.622
0.272
1
0.289
NA

RTtoRM

LMtoLT

RMtoRT

1.505
0.287
1
0.273
NA

7.438
0.053#
1
0.650
Rep>Non

6.922
0.058#
1
0.634
Rep>Non

0.538
0.665
NA
0.118
NA

0.085
0.967
NA
0.021
NA

2.018
0.165
NA
0.336

1.475
0.271
NA
0.269

0.219
0.075
0.772
0.925
NA
NA
0.052
0.019
NA
NA
status *Stimulus
3.708
2.108
0.043*
0.153
NA
NA
0.481
0.345

Reproductive
F(1,7)
p
ε
Partial η2
LSD
Stimulus
F(3,21)
p
ε
Partial η2
LSD
Reproductive
F(3,21)
p
ε
Partial η2

LTtoLM

RTtoRM

LMtoLT

RMtoRT

status
0.827
0.393
1
0.106
NA

0.939
0.365
1
0.118
NA

3.576
0.101
1
0.338
NA

2.340
0.170
1
0.251
NA

2.089
0.132
NA
0.230
NA

0.569
0.523
0.459
0.075
NA

1.402
0.270
NA
0.167

0.841
0.437
0.564
0.107

1.198
1.816
0.335
0.175
NA
NA
0.146
0.206
NA
NA
status *Stimulus
1.137
3.146
0.347
0.047*
NA
NA
0.140
0.310

The symbols ' > ' denote that the magnitudes of Ganger causal connection on the left side of ' > ' are significantly larger than those on the
right side. F: the F value from ANOVA; partialη2 : effect size for ANOVA; ε: the values of epsilon of Greenhouse-Geisser correction; NA:
not applicable; *: p< 0.05; # : p<0.1; Rep: reproductive stage; Non: non-reproductive stage; LT: left telencephalon; RT: right telencephalon;
LM: left mesencephalon; RM: right mesencephalon.

females for the factor ‘sex’ for LTtoLM in the first segment
(F(1,11)=4.913, p=0.049, partial η2=0.309). In addition, for
LTtoRT in the first segment, the interaction between the
factors stimulus and reproductive status were significant
and the connection under background noise was significantly
stronger in the non-reproductive stage than in the reproductive stage (p=0.039, Cohen’s d=1.337). These results reveal
that GC values were only affected by the acoustic stimuli in
the second segment, implying that the dynamics of GC
connections in the second segment might be closely related
to auditory processing. Accordingly, the Discussion below is
focused on the results for the second EEG segment.
4.

Discussion

The results of the present study show the neural network
functionally linking the midbrain and forebrain function was
dynamic in both the reproductive and non-reproductive
stages for processing information related to mate choice.
For EEG activity recorded during a 5 min auditory stimulation period, it is only during the second 1 min segment, (i.e.
the sampling time-window of 61–120 s from stimulation
onset), which showed significant changes corresponded to
the biological significance of acoustical stimuli. Notably,
J. Biosci. 41(4), December 2016

this time window closely matches the latencies (60<t<120
s) of behavioral turning responses in this species elicited by
acoustic stimuli including conspecific calls (figure 3 in Xue
et al. 2015). The existence of such a high degree of overlap
in the time windows for overt behavior and EEG changes
supports the idea that the neurophysiological response patterns identified here reflect the underlying decision-making
processes. Since implementing a cognitive network requires
a system that is more complex than a non-cognitive network
(Thomas et al. 2006), the connectivities within the telencephalon would be expected to be stronger than those within
the mesencephalon, implying more information would be
communicated between the two sides of the telencephalon
compared to the mesencephalon. Furthermore, the difference
of function connectivities between anterior-posterior brain
structures might well reflect more organized structure connectivities in the forebrain areas (Park and Friston 2013).
4.1

Asymmetrical network underlie right ear advantage

Right ear advantage (REA) is the phenomenon, described in
many species (Vallortigara et al. 2011; Ocklenburg et al.
2013) including the music frog (Xue et al. 2015), in which
the right ear and left hemisphere preferentially process
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HSA

LSA

silence

(B)
*

Granger Causality of RTtoRM

Granger Causality of LTtoLM

(A)

WN

Rep-male Non-male Rep-female Non-female

*

Rep-male Non-male Rep-female Non-female

(D)

Granger Causality of LMtoLT

Granger Causality of RMtoRT

(C)

*

Rep-male Non-male Rep-female Non-female

Rep-male

Non-male Rep-female Non-female

Figure 4. GC values for males and females during different stimulus playbacks in the reproductive and non-reproductive stages. (A–D)
GC values for LTtoLM, RTtoRM, LMtoLT and RMtoRT respectively. * denotes a significant difference from Repeat-measured ANOVAs,
p<0.05. Open stars denotes a marginally significant difference from Repeat-measured ANOVAs, p<0.1. rep: reproductive stage; non: nonreproductive stage; LT: left telencephalon; RT: right telencephalon; LM: left mesencephalon; RM: right mesencephalon.

biologically significant acoustic stimuli related to conspecific communication. The pathway to the anuran forebrain
originates in the midbrain torus semicircularis (TS), which
is a major integrative center for ascending auditory projections derived from the brainstem and descending input from
the forebrain (Wilczynski and Endepols 2006). The results
reported in this study allow us to propose an explanation for
how REA arises in the music frog.
The ascending GC connections from the left mesencephalon to both sides of the telencephalon were significantly higher
than those from the right mesencephalon, indicating a left
hemisphere dominance for processing auditory information.
These results are consistent with those of our previous study
revealing that significant changes in relative EEG power occur
exclusively in the left mesencephalon in response to acoustic
stimulations (Fang et al. 2014b). The REA in the music frog
has been proved to be resulted, at least in part, from structural
asymmetry pathways (connecting the auditory periphery and
central auditory structures) in combination with attention

modulation (Fang et al. 2014b). These are comparable with
the present study showing greater strength in ascending projections from the LM.
Mammalian prefrontal cortex-dependent inhibition from the
thalamic reticular nucleus is known to gate thalamic sensory
inputs during visual-auditory cross-modal selection tasks
(Wimmer et al. 2015). In the mammalian auditory system,
activation of contralateral auditory pathways may induce the
inhibition of ipsilateral auditory pathways through cortical interaction during dichotic listening (Brancucci et al. 2004). Inhibition is, therefore, an important sensory modulation
mechanism in mammals (Isaacson and Scanziani 2011). In
anurans, the majority of TS neurons respond with inhibitory
postsynaptic potentials (IPSPs) when the ipsilateral striatum is
stimulated. IPSP durations are significantly longer than those of
excitatory postsynaptic potentials resulting from stimulation of
the ipsilateral thalamus (Endepols and Walkowiak 1999;
Endepols and Walkowiak 2001). Those results suggest that
forebrain projections may mostly inhibit the auditory midbrain
J. Biosci. 41(4), December 2016
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F(3,33)
p
ε
Partial η2
LSD

F(3,33)
p
ε
Partial η2
LSD

4 min

5 min

Connection
24.656
0.000*
0.571
0.691
RTtoRM>RTtoLM>
LTtoLM/LTtoRM
28.656
0.000*
0.590
0.723
RTtoRM>RTtoLM>
LTtoLM/LTtoRM
26.814
0.000*
0.531
0.709
RTtoRM>RTtoLM>
LTtoLM/LTtoRM
24.873
0.000*
0.534
0.693
RTtoRM>RTtoLM>
LTtoLM/LTtoRM

Connection
13.652
0.000*
0.653
0.554
LMtoRT>LMtoLT>
RMtoLT/RMtoRT
14.518
0.000*
0.689
0.569
LMtoRT>LMtoLT>
RMtoLT/RMtoRT
15.301
0.000*
NA
0.582
LMtoRT>LMtoLT>
RMtoLT/RMtoRT
14.141
0.000*
NA
0.562
LMtoRT/LMtoLT>
RMtoLT/RMtoRT

MtoT
Connection
13.088
0.000*
0.521
0.543
RTtoLT>LTtoRT>
LMtoRM>RMtoLM
13.653
0.001*
0.530
0.554
RTtoLT>LTtoRT>
LMtoRM/RMtoLM
13.330
0.001*
0.481
0.548
RTtoLT>LTtoRT>
LMtoRM/RMtoLM
14.426
0.000*
0.499
0.567
RTtoLT>LTtoRT>
LMtoRM/RMtoLM

LandR

F(1,11)
p
ε
Partial η2
LSD

F(1,11)
p
ε
Partial η2
LSD

F(1,11)
p
ε
Partial η2
LSD

F(1,11)
p
ε
Partial η2
LSD

5.073
0.046*
1
0.316
Rep>Non

2.722
0.127
1
0.198
NA

4.186
0.065#
1
0.276
Rep>Non

Reproductive stage
8.199
0.015*
1
0.427
Rep>Non

LMtoLT

8.065
0.016*
1
0.423
Rep>Non

7.985
0.016*
1
0.421
Rep>Non

6.005
0.032*
1
0.353
Rep>Non

Reproductive stage
18.408
0.001*
1
0.626
Rep>Non

RMtoRT

The symbols ' > ' denote that the magnitudes of Ganger causal connection on the left side of ' > ' are significantly larger than those on the right side. F: the F value from ANOVA;
Partialη2 : effect size for ANOVA; ε: the values of epsilon of Greenhouse-Geisser correction; NA: not applicable; *: p< 0.05; # : p<0.1; Rep: reproductive stage; Non: nonreproductive stage; LT: left telencephalon; RT: right telencephalon; LM: left mesencephalon; RM: right mesencephalon.

F(3,33)
p
ε
Partial η2
LSD

F(3,33)
p
ε
Partial η2
LSD

3 min

Factor
1 min

TtoM

Table 3. Results for each segment except the second min
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(TS) in anurans. In addition, the GC connections from the
telencephalon to ipsilateral mesencephalon varied in response
the auditory stimulus types. Therefore, it is likely that the GC
connection from the right telencephalon might be modulated by
auditory attention and can suppress activity in the right mesencephalon while the left mesencephalon remains active thus
inducing REA. These explanations support the idea that REA
results from the combined effects of anatomic asymmetries in
the periphery and central auditory structures susceptible to
attention modulation. As auditory lateralization in vertebrates
is thought to have been inherited from a common ancestor
(Vallortigara et al. 2011), it is reasonable to hypothesize that
auditory lateralization in other species is induced by a similar
mechanism involving both structural asymmetries and attention
modulation as has been found for auditory lateralization in
humans (Hiscock and Kinsbourne 2011; Kimura 2011).
4.2

Auditory attention is affected by reproductive status

In the reproductive stage, both male and female frogs
exhibited stronger connections from the telencephalon to
the mesencephalon during playbacks of conspecific calls
while in the non-reproductive stage these connections were
stronger in response to playbacks of white noise. White
noise is rare, if it exists, in the natural environment; animals
thus usually treat white noise as a novel signal which generally represents a dangerous event. During the nonreproductive stage, survival is the highest priority so that
animals are more sensitive to novel sounds than conspecific
communication sounds. During the breeding seasons, sexually mature individuals reallocate most, if not all, neural
resources to conspecific signaling in order to achieve success
in reproduction. It seems likely that alterations in auditory
attention resources would be accompanied by adjustment of
brain function networks (Fritz et al. 2007).
Reproductive behaviors such as producing advertisement
calls and searching for mates increase the risk of exposure to
predators, which also reduces individual survival (Magnhagen
1991; Ratcliffe 2009). However, high predation risks do not
prevent or may not even disturb reproductive displays. For
instance, male túngara frogs (Physalaemus pustulosus) only
briefly cease calling when a predator bat flies over the pond at
very low altitudes and the chorus resumes as soon as the danger
passes (Ryan 1985). Female gray treefrogs (Hyla versicolor)
approach a speaker broadcasting conspecific advertisement
calls even if another nearby speaker broadcasts the calls of a
bullfrog (Rana catesbeiana), a predator of gray treefrogs
(Schwartz et al. 2000). These studies showed that reproductive
success takes priority over individual survival during the breeding seasons, implying that a change in strategy from survival to
reproduction occurs (Bednekoff 1996). Such changes in strategy may well underlie the changes observed in the present study
in causal connections.

4.3

Sexual dimorphism of brain network

Sexual dimorphism is a common feature of vertebrate neural
systems (Breedlove 1992; Morris et al. 2004), which can
result in sex differences in reproductive behaviors through
neural modulation (Arnold and Breedlove 1985; Segovia
and Guillamón 1993). In this study we found that connections descended from the telencephalon to the mesencephalon varied significantly with the type of acoustic stimulus in
the left hemisphere of male frogs and the right-hemisphere of
females. This is consistent with left hemisphere dominance
for perception of conspecific calls in music frogs (Fang et al.
2014b; Xue et al. 2015). Vocalization is reduced significantly in male leopard frogs (Rana pipiens) when the left but not
the right hemisphere is lesioned, thus suggesting that the lefthemisphere is dominant for vocalization in males (Bauer
1993). These results are comparable to studies in birds and
the well-known results in humans in which conspecific auditory perception and song/language production are both
dominated by the left-hemisphere (Bolhuis et al. 2010;
Moorman et al. 2012). Descending projections from the left
forebrain in males may also regulate vocal competition,
insofar as male music frogs generally prefer to compete with
HSA rather than LSA calls (Fang et al. 2014a).
In general, ovulating females experience higher predation
risk and energy consumption than would otherwise be the
case (Harshman and Zera 2007), and their minimal parental
investments are much greater than those of males. For this
reason, engaging in amplexus would be a waste of valuable
reproductive resources unless the male was of sufficiently
high genetic quality (Clutton-Brock 2009). Some investigators have proposed that one specialized function of the righthemisphere is to control global attention for monitoring the
surrounding environment (Evans et al. 2000; Yamaguchi
et al. 2000; Vallortigara 2006). This is consistent with the
idea that more dynamic function network would be instantiated in the right hemisphere in females for assessing resources and threats throughout the environment rapidly.
5.

Limitations

Although we reach important conclusions in the present study
concerning anuran brain networks, there were several limitations that could not be circumvented. First, it has been shown
that the reference may greatly affect the EEG signal if the
reference is not nearly electrically silent (Yao et al. 2005). There
were only four electrodes implanted in the frog brain, which is
not enough to apply either the classic average reference (Offner
1950) or the newer reference electrode standardization technique (Yao 2001) to remove the possible influence of the
reference in the present study. However, the absolute mean
power of cerebellar activity is several folds lower than that at
the cerebral level, which makes the cerebellum as referenced
J. Biosci. 41(4), December 2016
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more like a rest reference at infinity than other cortexes (Culic
et al. 2003), therefore effects of this limitation on the present
conclusions could be minimized.
Second, four electrodes are too few to apply any inverse
solution to retrieve the sources (Michel et al. 2004) and the
frog's brain is much less differentiated than that of the
mammal, especially in the forebrain. Therefore, we could
not analyze the connectivity data at the source level in the
present study. Nevertheless, the present results at the sensor
level still give a reasonable explanation about how this
lateralized auditory network induced the REA in the music
frog, which was the purpose of this study. Insofar as extracellular traces obtained using different recording methods
are fundamentally similar (Buzsáki et al. 2012), we believe
this limitation does not affect our results.
Third, although the relationships among different frequency
bands are different in frogs and mammals, theta frequency has
been proven to be involved in working memory and cognitive
processes such as vocal recognition in frogs (Sauseng et al.
2008; Akre and Ryan 2010; Fang et al. 2012b), as is the case in
humans. In addition, theta bands in mammals may be modulated by inhibition from the frontal cortex. Therefore, investigating frequency band specific brain networks may improve
our understanding of network modulation in frogs. However
due to the non-stationarity of EEG data, first-order differencing was applied to ensure the data could be used with GCCA.
Although this process has no effect on the time-domain Gcausality relations, it would be problematic for analysis of
frequency-dependent G-causality (Seth 2010). This limitation
prevented identification of frequency band specific GC interactions in the present study. Those band specific interactions
will be assessed in further studies of frequency-dependent Gcausality and other appropriate methods to improve our understanding of the modulation mechanisms of brain networks in
anurans.
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