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Introduction

Mental activity is likely contributed by the coordinated net-
work of different cortical regions [1–3]. These brain net-
works show small-world (SW) properties, characterized 
by high local clustering and low average distance between 
nodes (low characteristic path length). SW architecture 
balances segregation (i.e., the ability of a network to work 
locally) and integration (i.e., the capacity to communicate 
separated brain areas) in functional brain networks. These 
properties can be quantified using a network parameter: the 
small-worldness (SWn) [4–6], whose heritability has been 
proposed to be large [7].

SWn of brain network properties can be studied using 
structural [anatomical (MR) or diffusion magnetic reso-
nance (DTI)] and functional [electroencephalography 
(EEG) or functional magnetic resonance (fMRI)] meth-
ods [8]. Among the latter, temporal resolution of the EEG 
allows assessing the fast modulation of functional brain 
connectivity related to cognitive performance.

Neural networks are contributed by a large number of 
factors, some susceptible of a genetic regulation. Among 
them, the excitatory/inhibitory balance may play a relevant 
role [9]. On the other hand, abnormalities in SW properties 
of the brain networks have been found in the psychotic dis-
orders [10–12], for which a high heritability is established 
[13]. Thus, to identify genetic contributions to network 
organization, one possible strategy is to assess the influence 

Abstract  Functional brain networks possess signifi-
cant small-world (SW) properties. Genetic variation rel-
evant to both inhibitory and excitatory transmission may 
contribute to modulate these properties. In healthy con-
trols, genotypic variation in Neuregulin 1 (NRG1) related 
to the risk of psychosis (risk alleles) would contribute to 
functional SW modulation of the cortical network. Elec-
troencephalographic activity during an odd-ball task was 
recorded in 144 healthy controls. Then, small-worldness 
(SWn) was calculated in five frequency bands (i.e., theta, 
alpha, beta1, beta2 and gamma) for baseline (from −300 
to the stimulus onset) and response (150–450 ms post-tar-
get stimulus) windows. The SWn modulation was defined 
as the difference in SWn between both windows. Associa-
tion between SWn modulation and carrying the risk allele 
for three single nucleotide polymorphisms (SNP) of NRG1 
(i.e., rs6468119, rs6994992 and rs7005606) was assessed. 
A significant association between three SNPs of NRG1 
and the SWn modulation was found, specifically: NRG1 
rs6468119 in alpha and beta1 bands; NRG1 rs6994992 in 
theta band; and NRG1 rs7005606 in theta and beta1 bands. 
Genetic variation at NRG1 may influence functional brain 
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of gene-related factors: (1) contributing to neurotransmis-
sion, neurodevelopment and excitatory/inhibitory balance, 
and (2) implicated in the risk of psychosis.

Genetic variation for Neuregulin 1 (NRG1) seems to 
comply with both conditions. NRG1 gene codifies a plei-
otropic growth factor protein with at least fifteen differ-
ent isoforms. All of them have an epidermal growth fac-
tor domain (EGF), which preferentially activates tyrosine 
kinase receptor ErbB4. Those receptors were principally 
located in the postsynaptic density of parvalbumin-positive 
interneurons [14, 15]. NRG1 protein is related to central 
nervous system development, plasticity, myelination [16], 
migration [17] and inhibitory/excitatory balance [18, 19]. 
This protein and its interaction with ErbB4 could regulate 
glutamatergic transmission by modulating the activity of 
N-methyl-d-aspartate (NMDA) [18, 20, 21] and α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) [19] 
receptors in the excitatory synapsis. In addition, NRG1 
has a very relevant role in GABAergic interneurons, one 
of the main cells contributing to oscillatory activity [22, 
23], through the regulation of the differentiation, migration 
and activity of this type of neurons [17]. Although genetic 
variation at NRG1 loci has not been consistently associated 
with psychotic disorders risk in genome-wide studies, other 
data support that it may play a role in the risk of schizo-
phrenia [18, 24, 25].

Therefore, it seems of interest to assess the relation 
between NRG1 genetic variation relevant to psychosis and 
functional brain network organization. For this purpose, 
three NRG1 SNPs were selected due to its relation with 
major psychoses: rs6994992, whose T allele has been related 
to the risk of psychosis [26, 27], cognitive deficits and lower 
brain activity in schizophrenia [22, 27]; and rs6468119 and 
rs7005606, whose T alleles have been associated with the 
risk of bipolar disorder [28, 29]. Hence, the aim of the study 
was to assess the possible relation between genetic variations 
at NRG1 gene and SWn modulation during a cognitive task. 
The assessment of the association of brain network modu-
lation with genetic variation in healthy population can be a 
first step to understand how genetic background influences 
the disconnectivity in clinical psychosis.

Methods

Participants: demographic and clinical assessment

We recruited 144 healthy controls through newspaper 
announcements, all of them from Caucasian race. A semi-
structured interview prior to the study was used to discard 
current or past psychiatric diagnoses or treatments. Exclu-
sion criteria were: (1) comorbid axis-1 diagnosis; (2) fam-
ily antecedents of psychosis; (3) psychoactive treatment; 

(4) substance abuse; (5) history of head trauma or any dis-
ease affecting the central nervous system; and (6) intelli-
gence quotient (IQ) below 70. Socio-demographic data are 
given in Table 1.

Electrophysiological recordings

EEG recordings were acquired during the performance of 
an auditory odd-ball task. The task consisted of random 

Table 1   Socio-demographic data and SWnC
b values for the cohort of 

subjects enrolled in the study

Data were divided into two groups, which were defined depending on 
the presence of NRG1 risk polymorphisms for psychoses. SWnC val-
ues were calculated as the difference between SWn at response and 
baseline windows (SWnR

b − SWnb
BL). Positive values represent a SW 

increase at response. Statistically significant differences between risk 
and no-risk allele carriers are marked with an asterisk: * p < 0.05. M 
male, F female

Non-risk allele carriers Risk allele carriers

Mean (SD) Mean (SD)

rs6468119

N 28 85

Age (years) 26.64 (8.57) 27.24 (8.59)

Gender (M:F) 12:16 35:50

Education (years) 15.89 (1.57) 16.89 (1.85)

SWnC-theta 0.25 (0.57) 0.42 (0.5)

SWnC-alpha −0.14 (0.36)* 0.05 (0.43)

SWnC-beta1 −0.12 (0.28)* 0.03 (0.29)

SWnC-beta2 −0.04 (0.13) 0.01 (0.17)

SWnC-gamma −0.01 (0.08) 0.01 (0.06)

rs6994992

N 24 120

Age (years) 28.29 (10.9) 27.41 (8.87)

Gender (M:F) 14:10 48:72

Education (years) 16.69 (1.89) 16.07 (2.32)

SWnC-theta 0.14 (0.56)* 0.36 (0.48)

SWnC-alpha −0.13 (0.39) −0.02 (0.41)

SWnC-beta1 −0.06 (0.33) −0.03 (0.31)

SWnC-beta2 −0.03 (0.14) −0.02 (0.16)

SWnC-gamma −0.003 (0.07) −0.003 (0.06)

rs7005606

N 27 111

Age (years) 26.44 (10.16) 27.96 (9.11)

Gender (M:F) 12:15 43:68

Education (years) 16.16 (1.64) 16.27 (2.44)

SWnC-theta 0.15 (0.48)* 0.36 (0.48)

SWnC-alpha −0.18 (0.34) −0.02 (0.41)

SWnC-beta1 −0.14 (0.31)* −0.01 (0.3)

SWnC-beta2 −0.06 (0.14) −0.01 (0.16)

SWnC-gamma −0.02 (0.07) 0.002 (0.06)
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series of 600 stimulus (duration 50 ms, rise and fall time 
5 ms, intensity 90 dB) composed by three different tones 
with different probabilities: (1) S1, 2000  Hz standard 
tone, probability 0.60; (2) S2, 1000  Hz distractor tone, 
probability 0.20; and (3) S3, 500  Hz target tone, prob-
ability 0.20. The subjects were asked to press a bottom 
when they listened the target tone. During the recording, 
they remained seated, relaxed and with their eyes closed. 
Only attended target tones were considered for further 
analysis.

EEG activity was recorded using a Brain Vision electro-
encephalographic system (Brain Products, Germany), with 
17 electrodes (Fp1, Fp2, F3, F4, F7, F8, C3, C4, P3, P4, 
O1, O2, T5, T6, Fz, Pz and Cz) placed following the speci-
fications of the 10–20 international system (Electro-Cap 
International, Inc.; Eaton, OH, USA). Electrooculogram 
(EOG) was also recorded to detect eye movements. Imped-
ance was kept under 5  kΩ during EEG acquisition. The 
sampling rate was 500 Hz.

Signal processing

EEG preprocessing

Each EEG recording was initially re-referenced over Cz 
electrode to minimize the effect of microsaccadic artifacts 
[30]. Then, EEG signals were bandpass-filtered between 1 
and 70  Hz. In addition, a 50-Hz notch filter was used to 
remove the power line artifact. Independent component 
analysis (ICA) was applied to visually discard components 
related to ocular and muscular artifacts. A segmentation 
into 1-s-length trials, ranging from −300 ms before stimu-
lus onset to 700  ms after stimulus onset, was performed. 
Finally, an adaptive thresholding method was used to dis-
card those epochs whose amplitude exceeded the threshold 
[31].

Continuous wavelet transform

Continuous wavelet transform (CWT) was used to esti-
mate time–frequency maps, since it is a suitable technique 
to analyze non-stationary recordings [32]. In this study, we 
used two different time windows: (1) the baseline window, 
[−300, 0] ms previous to the stimulus onset; and (2) the 
response window, [150, 450] ms post-stimulus [31]. In 
order to avoid CWT edge effects in short-time recordings, 
a cone of influence (COI) was defined for the two windows 
under study [33]. It is noteworthy that evoked response is 
included in the response window.

Five frequency bands were considered for subsequent 
analyses. They were defined according to the conven-
tional EEG frequency bands: theta (θ, 4–8  Hz), alpha (α, 
8–13 Hz), beta1 (β1, 13–19 Hz), beta2 (β2, 19–30 Hz) and 

gamma (γ, 30–70 Hz). Delta frequency band was not ana-
lyzed, since it is associated with a wavelet duration of hun-
dreds of milliseconds [31].

Mean squared coherence

Coherence measure assesses the functional interaction 
between couple of signals from a specific brain region [34]. 
In this study, mean squared coherence (MSC) was used 
to quantify the spectral content between couples of EEG 
channels. Therefore, MSC between two signals is the cross-
function of the normalized power spectral density divided 
by the normalized power spectral density of the two signals 
separately [34]:

where WSXY is the cross-spectral density of two signals 
(X and Y) from the wavelet scalogram (which summarizes 
the distribution of the signal energy in the time–frequency 
plane), and WSXX and WSYY are the auto-spectral density 
functions from the wavelet scalogram. Finally, MSC values 
were averaged in each of the spectral bands under study.

Complex network theory

To model a system as a graph, nodes may represent the 
dynamical units and their links stand for the interactions 
between them [35]. We have used the SWn parameter, 
since it summarizes two different properties of a network: 
integration and segregation. First, cluster coefficient (ClC, 
a segregation measure) is computed for each node of the 
network and each frequency band:

where b represents the frequency band under study and 
wij

b the weight between two nodes provided by the MSC 
measure. Second, averaged path length (PL, an integration 
measure) was computed for each node following the fol-
lowing equation:

where N is the total number of nodes of the network (17 in 
this case) and dij

b is the minimum distance between nodes 
i and j. Then, ClC and PL values were averaged over all 
nodes in order to obtain global parameters of the network. 
Finally, in order to obtain measures that are independent of 
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∣
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the network size, CLC and PL were normalized dividing by 
<CLCsurrogate> and <PLsurrogate>:

where <CLCsurrogate> and <PLsurrogate> denote weighted 
clustering coefficient and path length averaged over an 
ensemble of 50 surrogate random networks that were 
derived from the original [36]. Therefore, SW was inde-
pendent of the network size [37]:

Parameter baseline correction

The baseline correction process is used to achieve a stim-
ulus-independent characterization [31]. Once the spectral 
parameters were computed for each temporal 1  s-length 
trial, they were decomposed into the baseline and the 
response window [38]. Firstly, the spectral analysis pro-
vides a value for each temporal window. Secondly, the val-
ues of the previous parameters in the [−300, 0] ms interval 
were averaged to obtain a baseline parameter mean. Then, 
the baseline correction was carried out using a simple sub-
traction. For that purpose, the SW during the baseline win-
dow for each frequency band under study (SWnb

BL) is sub-
tracted from the response value (SWnR

b) for each participant 
(mean of the values in the [150, 450] ms interval) obtaining 
the corrected SWn (SWnC

b). It should be noted that negative 
values indicate a parameter decrease in the response win-
dow, while positive values represent an increase from base-
line to response window.

where 〈.〉 denotes the average across trials.

Genetic analyses

We obtained from each individual approximately 10  ml 
of venous blood using a K3-EDTA (ethylenediaminetet-
raacetic acid) tubes. The samples were centrifuged with 
Ficoll-Paque following the Trizol protocol (Invitrogen, 
Carlsbad, CA, USA) to obtain genomic DNA from white 
cells. The genotyping was carried out via TaqMan assays 
through real-time polymerase chain reaction (PCR) with 
custom-made probes and primers (Applied Biosystems, 
Foster City, CA). The final volume of reaction was 10 µl, 
and the amplification program protocol used the following 

(4)PLb
n =

PL
〈

PLsurrogate

〉

(5)ClCb
n =

ClC
〈

PLsurrogate

〉

(6)SWnb =
ClCb

n

PLb
n

(7)SWnbC =

〈

SWnbR − SWnbBL

〉

temperatures for 40 cycles: 94  °C (denaturing), 60  °C 
(annealing) and 72 °C (extension).

The polymorphism distribution results were evaluated 
with χ2 tests to analyze Hardy–Weinberg equilibrium. 
SNPs rs6994992 and rs7005606 showed Hardy–Weinberg 
equilibrium (p = 0.8248 and p = 0.1312). In contrast, SNP 
rs6468119 does not fit to Hardy–Weinberg proportions 
(p =  0.0387), which could be contributed by the smaller 
genotyping success rate in this polymorphism (75.94 %).

Statistics

For each SNP, cases were dichotomized into non-risk 
allele carriers and risk alleles carriers. The distribution of 
SWn values was evaluated with one-sample Kolmogorov–
Smirnov tests.

Demographic data were compared with Chi-square test 
or Student’s t test when appropriate.

The significance of SWn modulation on each frequency 
band (or SWnC

b) between carriers and non-carriers was 
assessed in each band of the EEG (except for delta) using 
Student’s t tests. Moreover, to assess whether possible dif-
ferences in SWn modulation were contributed by the base-
line window, SWnb

BL, values were compared between risk 
and non-risk allele carriers.

Results

Socio‑demographic data

There were no significant differences between risk and 
non-risk allele carriers for any SNP in age, sex distribution 
and school years (Table 1).

NRG1 SNPs and SW

SWn values for each subgroup of risk allele carriers and 
non-risk allele carriers were normally distributed according 
to results of Kolmogorov–Smirnov tests (range of values: Z 
values from 0.309 to 1.075 and p values from 0.198 to 1).

There were significant differences in SWn modula-
tion between rs6468119 carriers and non-carriers in alpha 
and beta1 frequency bands (SWnC

α: t = −2.06, df =  106, 
p  =  0.042; SWnC

β1: t  =  −2.390, df  =  106; p  =  0.019) 
(Table 1). Non-risk allele carriers (CC; n = 28) showed a 
significant decrease in SWnC

α and SWnC
β1, while risk allele 

carriers (CT/TT; n =  85) showed a slight SWn increase 
in these bands (Table 1; Fig. 1). SWnb

BL did not show sig-
nificant differences between groups in any frequency band 
(Table 2).

We also found a significant difference in theta SWn 
(SWnC

θ) between rs6994992 risk and non-risk allele 
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carriers. Both risk allele carriers (CT/TT; n  =  120) and 
non-carriers (CC; n = 24) showed a positive modulation of 
SWn in this band, significantly larger in risk allele carriers 
(t = −2.02, df = 142, p = 0.046) (Table 1; Fig. 1). For this 

allele and band, SWn values were significantly different at 
baseline in theta band (SWnθBL) between risk allele carriers 
and non-carriers. SWnθBL was significantly smaller in risk 
allele carriers (Table 2).

Finally, a significant difference in SWn modulation was 
observed between rs7005606 risk and non-risk allele car-
riers in theta (SWnC

θ) and beta1 (SWnC
β1) bands. Risk allele 

carriers (GT/TT; n  =  111) showed a significantly larger 
positive modulation SWnC

θ (i.e., a larger increase from base-
line to window) than non-carriers (GG; n = 27) (t = −1.99, 
df = 136, p = 0.048) (Table 1; Fig. 1). Moreover, risk allele 
carriers showed a significantly lower negative modula-
tion in beta1 band (less decrease in SWnC

β1 from baseline 
to response) (t = −2.06; df =  136, p =  0.042) (Table  1; 
Fig. 1). There were no significant differences at SWnb

BL for 
this allele.

Discussion

We found a significant association between genetic varia-
tion at NRG1 and the modulation of SW properties of the 
functional cortical network during the performance of an 
odd-ball task in healthy subjects. As far as we know, no 
previous studies investigated the effect of NRG1 polymor-
phisms on functional brain network modulation.

SW modulation in the theta band, SWnC
θ, was associated 

with two NRG1 SNPs: rs6994992 and rs7005606. In both 
cases, risk allele carriers presented larger SWnC

θ (more posi-
tive SW changes) than non-risk allele carriers. Theta oscil-
lations are related to long-range synchronization in brain 

Fig. 1   Distribution of significant SWnC
b modulation values (SWnR

b − SWnb
BL) in non-risk allele carriers and risk allele carriers

Table 2   SWnb
BL values in baseline window for NRG1 SNPs

The statistically significant differences between risk alleles carri-
ers and non-risk allele carriers are marked with asterisks: * p < 0.05; 
** p < 0.01; *** p < 0.001

Non-risk allele carriers Risk allele carriers

Mean (SD) Mean (SD)

rs6468119

Theta 1.92 (0.40) 1.91 (0.57)

Alpha 2.68 (0.99) 2.73 (0.97)

Beta1 2.03 (0.52) 2.02 (0.53)

Beta2 1.49 (0.33) 1.46 (0.31)

Gamma 1.09 (0.07) 1.09 (0.08)

rs6994992 

Theta 2.26 (0.70)** 1.84 (0.49)

Alpha 3.35 (1.16)*** 2.58 (1.01)

Beta1 2.29 (0.62)* 1.98 (0.54)

Beta2 1.53 (0.32) 1.44 (0.30)

Gamma 1.10 (0.08) 1.09 (0.08)

rs7005606

Theta 1.92 (0.48) 1.90 (0.54)

Alpha 2.66 (1.15) 2.70 (1.06)

Beta1 1.99 (0.58) 2.03 (0.56)

Beta2 1.43 (0.32) 1.45 (0.31)

Gamma 1.12 (0.07) 1.09 (0.08)
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networks [39, 40]. According to our data, the risk allele 
may be associated with a larger modulation of long-range 
connectivity in response to a task. Such a larger modulation 
was associated with lower SWnθBL values in risk allele car-
riers. Therefore, risk allele carriers with smaller SWn val-
ues in the baseline window might have to increase the SWn 
in this band to a larger extent than non-carriers during task 
performance.

NRG1 rs6994992 is located at the promotor region of 
the gene, inside the HAPice haplotype [21], being the only 
functional HAPice polymorphism and related to cognitive 
alterations [25]. Rs6994992 has also been related to white 
matter integrity in healthy subjects [24]. Thus, variation 
at this locus might contribute to the structural substrate of 
long-range connectivity [41]. However, previous studies 
showed a reduced fractional anisotropy in anterior limb 
of internal capsule and anterior thalamic radiation in risk 
allele carriers [24, 42]. Therefore, the role of NRG1 vari-
ation on white matter integrity may not justify the associa-
tion observed in the present study with fast regulation of 
cortical network in the theta band.

Our findings also support an association between 
rs6468119 and rs7005606 and SW modulation in beta1 
band, risk allele carriers showing smaller SW modulation. 
The same result was observed regarding SW modulation in 
alpha band with respect to rs6468119. Alpha and beta band 
may also play a role in long-range synchronization [43, 
44]. Both SNPs are non-coding polymorphisms [28, 29]. 
Their effect is unknown, but they could be related to the 
regulation of NRG1 transcription [18, 45]. Either increase 
or decrease in the NRG1 is related to changes in the inhibi-
tory/excitatory balance, supporting its possible contribu-
tion to connectivity supported by cerebral oscillations: An 
increase in NRG1–ErbB4 signaling is related to a decrease 
in NMDAr activation and currents [46, 47], mainly through 
the inhibition of Src kinases pathway [48]. Also, hypofunc-
tion of NRG1–ErbB4 might cause abnormal glutamatergic 
transmission through increasing NR2B phosphorylation 
[49]. Furthermore, the NRG1 increase is associated with an 
impairment of GABA release [50], and NRG1 increase or 
decrease is, respectively, related to promotion or reduction 
in miniature excitatory postsynaptic currents in GABAergic 
interneurons [51] that impair pyramidal neurons synchroni-
zation [52].

We a priori selected SNPs on the basis of the likely risk 
conferred by one of their respective alleles for major psy-
chosis, in which a decreased SWn has been reported. How-
ever, contrary to our expectations, risk alleles in healthy 
subjects were rather associated with a larger SW modula-
tion during a cognitive task. As previously stated, this may 
be in part justified by smaller SW values at rest, but it also 
seems compatible with the possibility that other genetic 
and non-genetic factors may have a larger and complex 

influence in the network organization in schizophrenia 
patients.

Among the study limitations, larger samples are needed 
to adequately detect influences of genotype on brain net-
works modulation. Improved genotyping success is needed 
before our rs6468119 genotyping results could be extrap-
olated to the general population. Moreover, we measured 
individually the effect of every SNP, but the effect of genes 
in brain networks is more probably epistatic or additive 
[41].

As a conclusion, our data are consistent with an effect 
of NRG1 on functional connectivity [53], perhaps through 
variation in expression of NRG1–ErbB4 pathway, which 
could contribute to GABAergic and glutamatergic imbal-
ance. Since our results are significant in theta, alpha and 
beta1 frequency bands, which may support transitory, task-
related coupling between distant areas of the brain [54], we 
could infer that genetic variation at NRG1 may influence 
on brain networks mostly in the modulation of long-dis-
tance connectivity in the brain.

Acknowledgments  The study we present has been supported 
by grants GRS A/14/932 and GRS A/15/1134 from the Gerencia 
Regional de Salud de Castilla y León (Spain), PI15/00299 from the 
Carlos III Institute of the Ministry of Health (Spain) and a predoc-
toral fellowship grant to Alba Lubeiro from Consejería de Educación- 
Junta de Castilla y León (Spain) and European Social Fund.

Compliance with ethical standards 

Ethical standards  All participants provided written informed con-
sent to participate in the study. It was approved by the ethical commit-
tee of the three hospitals involved in the study (University Hospitals 
of Alava, Salamanca and Valladolid) according to the Code of Ethics 
of the World Medical Association (Helsinki Declaration of 1975, as 
revised in 2008).

Conflict of interest  The authors declare that they have no conflict 
of interest.

References

	 1.	 Varela F, Lachaux JP, Rodriguez E, Martinerie J (2001) The 
brainweb: phase synchronization and large-scale integration. Nat 
Rev Neurosci 2:229–239. doi:10.1038/35067550

	 2.	 Tognoli E, Kelso JAS (2014) The metastable brain. Neuron 
81:35–48. doi:10.1016/j.neuron.2013.12.022

	 3.	 Tan HRM, Lana L, Uhlhaas PJ (2013) High-frequency neural 
oscillations and visual processing deficits in schizophrenia. Front 
Psychol 4:1–19. doi:10.3389/fpsyg.2013.00621

	 4.	 Borsboom D, Cramer AOJ, Schmittmann VD et  al (2011) The 
small world of psychopathology. PLoS One. doi:10.1371/jour-
nal.pone.0027407

	 5.	 Micheloyannis S (2012) World J Psychiatry. doi:10.5498/wjp.
v2.i1.EDITORIAL

	 6.	 Shim M, Kim DW, Lee SH, Im CH (2014) Disruptions in small-
world cortical functional connectivity network during an audi-
tory oddball paradigm task in patients with schizophrenia. Schiz-
ophr Res 156:197–203. doi:10.1016/j.schres.2014.04.012

http://dx.doi.org/10.1038/35067550
http://dx.doi.org/10.1016/j.neuron.2013.12.022
http://dx.doi.org/10.3389/fpsyg.2013.00621
http://dx.doi.org/10.1371/journal.pone.0027407
http://dx.doi.org/10.1371/journal.pone.0027407
http://dx.doi.org/10.5498/wjp.v2.i1.EDITORIAL
http://dx.doi.org/10.5498/wjp.v2.i1.EDITORIAL
http://dx.doi.org/10.1016/j.schres.2014.04.012


Eur Arch Psychiatry Clin Neurosci	

1 3

	 7.	 Smit DJA, Stam CJ, Posthuma D et  al (2008) Heritability of 
“small-world” networks in the brain: a graph theoretical analysis 
of resting-state EEG functional connectivity. Hum Brain Mapp 
29:1368–1378. doi:10.1002/hbm.20468

	 8.	 Li M, Chen Z, Li T (2012) Small-world brain networks in schiz-
ophrenia. Shanghai Arch Psychiatry 24:322–327. doi:10.3969/j.
issn.1002-0829.2012.06.003

	 9.	 Buzsáki G (2006) Diversity of cortical functions. Rythm. Brain. 
Oxford University Press, New York, pp 21–79

	10.	 Wang Q, Su T-P, Zhou Y et  al (2012) Anatomical insights into 
disrupted small-world networks in schizophrenia. Neuroimage 
59:1085–1093. doi:10.1016/j.neuroimage.2011.09.035

	11.	 Bassett DS, Bullmore E, Verchinski BA et  al (2008) Hier-
archical organization of human cortical networks in health 
and schizophrenia. J Neurosci 28:9239–9248. doi:10.1523/
JNEUROSCI.1929-08.2008

	12.	 He H, Sui J, Yu Q et  al (2012) Altered small-world brain net-
works in schizophrenia patients during working memory perfor-
mance. PLoS One 7:e38195. doi:10.1371/journal.pone.0038195

	13.	 Lichtenstein P, Yip BH, Björk C et  al (2009) Common genetic 
determinants of schizophrenia and bipolar disorder in Swed-
ish families: a population-based study. Lancet 373:234–239. 
doi:10.1016/S0140-6736(09)60072-6

	14.	 Fazzari P, Paternain AV, Valiente M et al (2010) Control of corti-
cal GABA circuitry development by Nrg1 and ErbB4 signalling. 
Nature 464:1376–1380. doi:10.1038/nature08928

	15.	 Neddens J, Fish KN, Tricoire L et al (2011) Conserved interneu-
ron-specific ErbB4 expression in frontal cortex of rodents, mon-
keys, and humans: implications for schizophrenia. Biol Psychia-
try 70:636–645. doi:10.1016/j.biopsych.2011.04.016

	16.	 Calaora V, Rogister B, Bismuth K et al (2001) Neuregulin sign-
aling regulates neural precursor growth and the generation of oli-
godendrocytes in vitro. J Neurosci 21:4740–4751

	17.	 Flames N, Long JE, Garratt AN et  al (2004) Short- and long-
range attraction of cortical GABAergic interneurons by neuregu-
lin-1. Neuron 44:251–561. doi:10.1016/j.neuron.2004.09.028

	18.	 Harrison PJ, Law AJ (2006) Neuregulin 1 and schizophrenia: 
genetics, gene expression, and neurobiology. Biol Psychiatry 
60:132–140. doi:10.1016/j.biopsych.2005.11.002

	19.	 Bin Kwon O, Paredes D, Gonzalez CM et  al (2008) Neuregu-
lin-1 regulates LTP at CA1 hippocampal synapses through acti-
vation of dopamine D4 receptors. Proc Natl Acad Sci U S A 
105:15587–15592. doi:10.1073/pnas.0805722105

	20.	 Banerjee A, MacDonald ML, Borgmann-Winter KE, Hahn 
CG (2010) Neuregulin 1–ErbB4 pathway in schizophrenia: 
from genes to an interactome. Brain Res Bull 83:132–139. 
doi:10.1016/j.brainresbull.2010.04.011

	21.	 Stefansson H, Sigurdsson E, Steinthorsdottir V et al (2002) Neu-
regulin 1 and susceptibility to schizophrenia. Am J Hum Genet 
71:877–892. doi:10.1086/342734

	22.	 Keri S, Kiss I, Seres I, Kelemen O (2009) A polymorphism of 
the neuregulin 1 gene(SNP8NRG243177/rs6994992) affects 
reactivity to expressed emotion in schizophrenia. Am J Med 
Genet Part B Neuropsychiatr Genet 150:418–420. doi:10.1002/
ajmg.b.30812

	23.	 McBain CJ, Fisahn A (2001) Interneurons unbound. Nat Rev 
Neurosci 2:11–23. doi:10.1038/35049047

	24.	 McIntosh AM, Moorhead TWJ, Job D et al (2008) The effects of 
a neuregulin 1 variant on white matter density and integrity. Mol 
Psychiatry 13:1054–1059. doi:10.1038/sj.mp.4002103

	25.	 Buonanno A (2010) The neuregulin signaling pathway and 
schizophrenia: from genes to synapses and neural circuits. Brain 
Res Bull 83:122–131. doi:10.1016/j.brainresbull.2010.07.012

	26.	 Cho Y, Ryu S, Huh I et  al (2015) Effects of genetic variations 
in NRG1 on cognitive domains in patients with schizophrenia 

and healthy individuals. Psychiatr Genet. doi:10.1097/
YPG.0000000000000087

	27.	 Hall J, Whalley HC, Job DE et al (2006) A neuregulin 1 variant 
associated with abnormal cortical function and psychotic symp-
toms. Nat Neurosci 9:1477–1478. doi:10.1038/nn1795

	28.	 Gutiérrez-Fernández A, Palomino A, González-Pinto A et  al 
(2014) Novel association of neuregulin 1 gene with bipolar dis-
order but not with schizophrenia. Schizophr Res 159:552–553. 
doi:10.1016/j.schres.2014.09.001

	29.	 Goes FS, Willour VL, Zandi PP et  al (2009) Family-based 
association study of neuregulin 1 with psychotic bipolar disor-
der. Am J Med Genet B Neuropsychiatr Genet 150B:693–702. 
doi:10.1002/ajmg.b.30895

	30.	 Bledowski C, Prvulovic D, Hoechstetter K et  al (2004) Local-
izing P300 generators in visual target and distractor processing: 
a combined event-related potential and functional magnetic reso-
nance imaging study. J Neurosci 24:9353–9360. doi:10.1523/
JNEUROSCI.1897-04.2004

	31.	 Bachiller A, Poza J, Gómez C et  al (2015) A compara-
tive study of event-related coupling patterns during an audi-
tory oddball task in schizophrenia. J Neural Eng 12:016007. 
doi:10.1088/1741-2560/12/1/016007

	32.	 Mallat S (1999) A wavelet tour of signal processing. Academic 
Press, Waltham, MA, pp 20–41

	33.	 Torrence C, Compo GP (1998) A practical guide to 
wavelet analysis. Bull Am Meteorol Soc 79:61–78. 
doi:10.1175/1520-0477(1998)079<0061:APGTWA>2.0.CO;2

	34.	 Nunez PL, Srinivasan R, Westdorp AF et al (1997) EEG coher-
ency. I: statistics, reference electrode, volume conduction, Lapla-
cians, cortical imaging, and interpretation at multiple scales. 
Electroencephalogr Clin Neurophysiol 103:499–515

	35.	 Boccaletti S, Latora V, Moreno Y et  al (2006) Complex net-
works: structure and dynamics. Phys Rep 424:175–308. 
doi:10.1016/j.physrep.2005.10.009

	36.	 Stam CJ, de Haan W, Daffertshofer A et al (2009) Graph theo-
retical analysis of magnetoencephalographic functional connec-
tivity in Alzheimer’s disease. Brain 132:213–224. doi:10.1093/
brain/awn262

	37.	 Rubinov M, Sporns O (2010) Complex network measures 
of brain connectivity: uses and interpretations. Neuroimage 
52:1059–1069. doi:10.1016/j.neuroimage.2009.10.003

	38.	 Bachiller A, Lubeiro A, Díez A et al (2014) Decreased entropy 
modulation of EEG response to novelty and relevance in schizo-
phrenia during a P300 task. Eur Arch Psychiatry Clin Neurosci. 
doi:10.1007/s00406-014-0525-5

	39.	 Von Stein A, Sarnthein J (2000) Different frequencies for differ-
ent scales of cortical integration: from local gamma to long range 
alpha/theta synchronization. Int J Psychophysiol 38:301–313

	40.	 Siegel M, Donner TH, Engel AK (2012) Spectral fingerprints of 
large-scale neuronal interactions. Nat Rev Neurosci 13:121–134. 
doi:10.1038/nrn3137

	41.	 Mothersill O, Kelly S, Rose EJ, Donohoe G (2012) The effects 
of psychosis risk variants on brain connectivity: a review. Front 
Psychiatry 3:18. doi:10.3389/fpsyt.2012.00018

	42.	 Sprooten E, Lymer GKS, Muñoz Maniega S et  al (2009) The 
relationship of anterior thalamic radiation integrity to psychosis 
risk associated neuregulin-1 variants. Mol Psychiatry 14(237–
8):233. doi:10.1038/mp.2008.136

	43.	 Uhlhaas PJ, Singer W (2012) Neuronal dynamics and neuropsy-
chiatric disorders: toward a translational paradigm for dysfunc-
tional large-scale networks. Neuron 75:963–980. doi:10.1016/j.
neuron.2012.09.004

	44.	 Uhlhaas PJ, Haenschel C, Nikolić D, Singer W (2008) The role 
of oscillations and synchrony in cortical networks and their puta-
tive relevance for the pathophysiology of schizophrenia. Schizo-
phr Bull 34:927–943. doi:10.1093/schbul/sbn062

http://dx.doi.org/10.1002/hbm.20468
http://dx.doi.org/10.3969/j.issn.1002-0829.2012.06.003
http://dx.doi.org/10.3969/j.issn.1002-0829.2012.06.003
http://dx.doi.org/10.1016/j.neuroimage.2011.09.035
http://dx.doi.org/10.1523/JNEUROSCI.1929-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.1929-08.2008
http://dx.doi.org/10.1371/journal.pone.0038195
http://dx.doi.org/10.1016/S0140-6736(09)60072-6
http://dx.doi.org/10.1038/nature08928
http://dx.doi.org/10.1016/j.biopsych.2011.04.016
http://dx.doi.org/10.1016/j.neuron.2004.09.028
http://dx.doi.org/10.1016/j.biopsych.2005.11.002
http://dx.doi.org/10.1073/pnas.0805722105
http://dx.doi.org/10.1016/j.brainresbull.2010.04.011
http://dx.doi.org/10.1086/342734
http://dx.doi.org/10.1002/ajmg.b.30812
http://dx.doi.org/10.1002/ajmg.b.30812
http://dx.doi.org/10.1038/35049047
http://dx.doi.org/10.1038/sj.mp.4002103
http://dx.doi.org/10.1016/j.brainresbull.2010.07.012
http://dx.doi.org/10.1097/YPG.0000000000000087
http://dx.doi.org/10.1097/YPG.0000000000000087
http://dx.doi.org/10.1038/nn1795
http://dx.doi.org/10.1016/j.schres.2014.09.001
http://dx.doi.org/10.1002/ajmg.b.30895
http://dx.doi.org/10.1523/JNEUROSCI.1897-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.1897-04.2004
http://dx.doi.org/10.1088/1741-2560/12/1/016007
http://dx.doi.org/10.1175/1520-0477%281998%29079<0061:APGTWA>2.0.CO;2
http://dx.doi.org/10.1016/j.physrep.2005.10.009
http://dx.doi.org/10.1093/brain/awn262
http://dx.doi.org/10.1093/brain/awn262
http://dx.doi.org/10.1016/j.neuroimage.2009.10.003
http://dx.doi.org/10.1007/s00406-014-0525-5
http://dx.doi.org/10.1038/nrn3137
http://dx.doi.org/10.3389/fpsyt.2012.00018
http://dx.doi.org/10.1038/mp.2008.136
http://dx.doi.org/10.1016/j.neuron.2012.09.004
http://dx.doi.org/10.1016/j.neuron.2012.09.004
http://dx.doi.org/10.1093/schbul/sbn062


	 Eur Arch Psychiatry Clin Neurosci

1 3

	45.	 Law AJ, Lipska BK, Weickert CS et al (2006) Neuregulin 1 tran-
scripts are differentially expressed in schizophrenia and regu-
lated by 5’ SNPs associated with the disease. Proc Natl Acad Sci 
U S A 103:6747–6752. doi:10.1073/pnas.0602002103

	46.	 Hahn C-G, Wang H-Y, Cho D-S et al (2006) Altered neuregulin 
1–ErbB4 signaling contributes to NMDA receptor hypofunction 
in schizophrenia. Nat Med 12:824–828. doi:10.1038/nm1418

	47.	 Gu Z, Jiang Q, Fu AKY et  al (2005) Regulation of NMDA 
receptors by neuregulin signaling in prefrontal cortex. J Neurosci 
25:4974–4984. doi:10.1523/JNEUROSCI.1086-05.2005

	48.	 Pitcher GM, Kalia LV, Ng D et al (2011) Schizophrenia suscep-
tibility pathway neuregulin 1–ErbB4 suppresses Src upregula-
tion of NMDA receptors. Nat Med 17:470–478. doi:10.1038/
nm.2315

	49.	 Bjarnadottir M, Misner DL, Haverfield-Gross S et  al (2007) 
Neuregulin1 (NRG1) signaling through Fyn modulates NMDA 
receptor phosphorylation: differential synaptic function in 
NRG1 ± knock-outs compared with wild-type mice. J Neurosci 
27:4519–4529. doi:10.1523/JNEUROSCI.4314-06.2007

	50.	 Woo RS, Li XM, Tao Y et  al (2007) Neuregulin-1 enhances 
depolarization-induced GABA release. Neuron 54:599–610. 
doi:10.1016/j.neuron.2007.04.009

	51.	 Ting AK, Chen Y, Wen L et  al (2011) Neuregulin 1 pro-
motes excitatory synapse development and function in 
GABAergic interneurons. J Neurosci 31:15–25. doi:10.1523/
JNEUROSCI.2538-10.2011

	52.	 Lewis DA, Moghaddam B (2006) Cognitive dysfunction in 
schizophrenia: convergence of gamma-aminobutyric acid and 
glutamate alterations. Arch Neurol 63:1372–1376. doi:10.1001/
archneur.63.10.1372

	53.	 Bramon E, Dempster E, Frangou S et  al (2008) Neuregulin-1 
and the P300 waveform-A preliminary association study using 
a psychosis endophenotype. Schizophr Res 103:178–185. 
doi:10.1016/j.schres.2008.03.025

	54.	 Uhlhaas PJ (2015) Neural dynamics in mental disorders. World 
Psychiatry 14:116–118. doi:10.1002/wps.20203

http://dx.doi.org/10.1073/pnas.0602002103
http://dx.doi.org/10.1038/nm1418
http://dx.doi.org/10.1523/JNEUROSCI.1086-05.2005
http://dx.doi.org/10.1038/nm.2315
http://dx.doi.org/10.1038/nm.2315
http://dx.doi.org/10.1523/JNEUROSCI.4314-06.2007
http://dx.doi.org/10.1016/j.neuron.2007.04.009
http://dx.doi.org/10.1523/JNEUROSCI.2538-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.2538-10.2011
http://dx.doi.org/10.1001/archneur.63.10.1372
http://dx.doi.org/10.1001/archneur.63.10.1372
http://dx.doi.org/10.1016/j.schres.2008.03.025
http://dx.doi.org/10.1002/wps.20203

	Variation at NRG1 genotype related to modulation of small-world properties of the functional cortical network
	Abstract 
	Introduction
	Methods
	Participants: demographic and clinical assessment
	Electrophysiological recordings
	Signal processing
	EEG preprocessing
	Continuous wavelet transform
	Mean squared coherence
	Complex network theory
	Parameter baseline correction

	Genetic analyses
	Statistics

	Results
	Socio-demographic data
	NRG1 SNPs and SW

	Discussion
	Acknowledgments 
	References




