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Abstract We report genetic linkage and association

findings which implicate the gene encoding the muscarinic

acetylcholine receptor M2 (CHRM2) in the modulation of a

scalp-recorded electrophysiological phenotype. The P3

(P300) response was evoked using a three-stimulus visual

oddball paradigm and a phenotype that relates to the energy

in the theta band (4–5 Hz) was analyzed. Studies have

shown that similar electrophysiological measures represent

cognitive correlates of attention, working memory, and

response selection; a role has been suggested for the

ascending cholinergic pathway in the same functions. The

results of our genetic association tests, combined with

knowledge regarding the presence of presynaptic cholin-

ergic M2 autoreceptors in the basal forebrain, indicate that

the cognitive processes required by the experiment may in

part be mediated by inhibitory neural networks. These

findings underscore the utility of electrophysiology and

neurogenetics in the understanding of cognitive function

and the study of brain-related disorders.
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Introduction

Event-related potentials (ERPs) provide a simple non-

invasive method to explore the characteristics of sensory

processes and higher cognitive function (Donchin 1979).

Possibly the best-studied ERP is the P3 (or P300) compo-

nent. This positive electric potential deflection is elicited

approximately 300–500 ms following the occurrence of

infrequent stimuli during an oddball experiment paradigm.

The P3 is known to be highly heritable (O’Connor et al.

1994; Katsanis et al. 1997; Van Beijsterveldt and Van Baal

2002) and to provide quantitative endophenotypes for some

complex psychiatric and neurologic disorders (Hesselbrock

et al. 2001; Porjesz et al. 2005). Therefore, finding the

specific genes which modulate the P3 and other electro-

physiological measures is a relevant and important en-

deavor. Family based genetic studies offer an increasingly

viable method to elucidate the neurochemical and neuro-

anatomical substrates of electric potentials. Genetic data
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will help constrain the physiological and psychological

origins of the P3 and other neuroelectric phenomena. In

addition EEG data offer valuable utility as quantitative

endophenotypes of some complex psychiatric and neuro-

logic disorders; these measures are also of great conse-

quence since they represent traits more proximal to gene

function than typical diagnostic or cognitive measures

(Almasy 2003; Gottesman and Gould 2003).

Evidence indicates that variation in the P3 component

amplitude may be of great importance to a number of

psychiatric and neurologic disorders. For instance, a large

number of studies have reported significantly reduced P3

amplitudes in abstinent alcoholic subjects when compared

to non-alcoholic controls (e.g., Porjesz and Begleiter 1998)

and in high-risk offspring of alcoholics when compared to

matched low-risk control offspring (e.g., Begleiter 1984).

Additionally, low P3 amplitudes are present in various

disinhibitory conditions such as substance abuse (Herning

1996; Biggins et al. 1997; Brigham et al. 1997; Anokhin

et al. 2000; Iacono et al. 2003), antisocial personality

(Hesselbrock et al. 1993; Costa et al. 2000), conduct dis-

order (Iacono et al. 2002) and attention deficit hyperac-

tivity disorder (Klorman 1991; van der Stelt et al. 2001).

Low P3 amplitude has been observed in schizophrenia for

the auditory modality in addition to a number of other

disorders (c.f., Polich and Herbst 2000). There is also

evidence to suggest that individuals with low P3 amplitude

manifest significantly higher incidences of externalizing

disorders and disinhibitory traits when compared to the

high P3 amplitude individuals (Hill and Shen 2002).

Therefore, the P3 component has significant clinical

interest and may act as an endophenotype of a number of

disinhibitory conditions (Porjesz et al. 2005).

The ERP task most commonly used to elicit the P3 is the

‘‘oddball’’ task, in which rare ‘‘oddball’’ stimuli (targets)

are embedded in a series of frequent non-target stimuli

(standards). If the subject is asked to attend or respond to

the rare target stimulus, the P3’s recorded to these task-

relevant targets are maximum posteriorly on the scalp (over

parietal regions) and are designated as P3b components. If

the subject is not asked to attend to the rare stimuli, P3’s

recorded to these unattended rare stimuli in a repetitive

background have a more frontal distribution and are des-

ignated as P3a. In the data analyzed in this work, the P3

ERP component was elicited using a visual oddball task in

which the subjects were requested to attend to a rare

stimulus and therefore P3 refers to the P3b component.

Currently two competing theories have been developed

to explain the cognitive processes related to the P3 com-

ponent. The first theory has proposed that the P3 reflects

the allocation of attentional resources and the context

updating processes of working memory (Donchin and

Coles 1988; Polich and Herbst 2000). The amplitude of the

P3 is then viewed as an index of context updating with

larger amplitudes elicited by an increased amount of en-

gaged attentional resources and/or processing capacity

used to update the working memory. The latency of the P3

peak is influenced by complexity of the task and therefore

reflects mental processing speed (Magliero et al. 1984).

Verleger (1988) proposed the ‘‘cognitive closure’’ theory

as an alternative to context-updating. Cognitive closure (or

termination of a mental process) occurs after the detection

of a target stimulus and the P3 thus reflects the activity of

memory trace remodeling that occurs during the post-

detection process.

There has been controversy in the literature regarding P3

generation and the significance of P3 amplitude. One view

assumes that P3 generation is solely the result of excitatory

neural activity. An alternative view is provided by the

‘threshold regulation theory’ which suggests that the

amplitude of the P3 component also reflects inhibitory

processes over widespread cortical regions in which acti-

vation of relevant neurons is accompanied by inhibition of

the remainder of the neuronal network (Elbert and Rock-

stroh 1987). Therefore, the amplitude of the P3 may in part

be taken to reflect CNS inhibition (the larger the P3, the

more the inhibition) (Desmedt 1980; Birbaumer et al.

1990).

The neuroanatomical origins of the P3 are also an active

area of current research. Although the P3 is observed to

have maximal amplitude over parietal areas of the scalp,

studies with depth electrodes in humans indicate that

the neural origins of P3 involve frontal cortex as well as

the amygdala and hippocampus (McCarthy et al. 1989;

Baudena et al. 1995; Halgren et al. 1995a, b; Brazdil et al.

1999). More recent functional magnetic resonance (fMRI)

studies support these findings and implicate the anterior

cingulate area of the frontal cortex as critical for P3

generation (Menon et al. 1997; Kiehl and Liddle 2001;

Ardekani et al. 2002; Rangaswamy et al. 2004). The neu-

rochemical origins of ERPs are known to correspond to the

release of neurotransmitters which induce excitatory and

inhibitory postsynaptic potentials. Triggering of the P3 is

believed to result from glutamatergic neurotransmission in

the temporoparietal junction, the parietal cortical regions

and the medial temporal lobe and are modulated by cho-

linergic and GABAergic neurotransmission (Frodl-Bauch

et al. 1999).

Use of ERP components, such as the P3, as phenotypes

of cognition and brain processing has the potential to

identify the relevant modulatory genes. The most likely

candidate genes are those involved in the coding and reg-

ulation of the brain’s neurotransmitter and neuroreceptor

systems. Identification of such genes will provide invalu-

able information which can be used to elucidate the

neurochemical and neuroanatomical origins of ERP
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components and in turn help unravel the underlying cog-

nitive processes. Additionally, since it is known that brain

function is likely to be involved in a genetic predisposition

to develop alcoholism and other psychiatric disorders,

these ERP components may serve as quantitative biological

markers and could be used to identify susceptibility genes

for developing these disorders. Hence, neuroelectric phe-

nomena provide a rich source of potentially useful end-

ophenotypes for genetics since they represent important

correlates of human information processing and cognition

(Gottesman and Gould 2003; Porjesz et al. 2005). The

search for genes which modulate the P300 component is

ongoing. Linkage analysis of P300 amplitude data from the

Collaborative Study on the Genetics of Alcoholism

(COGA) project has revealed significant linkage on a

number of chromosomes using the visual oddball task

(chromosomes 2, 5, 6, 13 and 17) (Begleiter et al. 1998;

Porjesz et al. 2002) and using a semantic priming task

(chromosomes 4 and 5) (Almasy et al. 2001). Genetic

association has been reported between the amplitude of the

P300 component elicited using a visual task in high risk

children and a marker locus in a dopamine D2 receptor

locus on chromosome 11 (Taq1 A RFLP near the DRD2

receptor locus) (Hill et al. 1998). However, negative

associations have been reported for the same polymor-

phism with P300 amplitude using data from normal young

female subjects (Lin et al. 2001) and patients diagnosed

with depression (Chen et al. 2002). Replication failures

such as these may be due to a variety of factors, including:

ethnicity differences; age of the subjects; psychiatric state

and differences in the experimental design.

Recent research suggests that ERPs may be formed

through the superposition of multiple event-related oscil-

lations (EROs) and are not simply the result of unitary

transient phenomena (Basar 1980; Makeig et al. 2002;

Gruber et al. 2005), although this view is still open to

debate (Yeung et al. 2004; Kirschfeld 2005; Makinen

et al. 2005). The P3 response is found to be primarily

composed of superimposed delta (1–3 Hz) and theta

(4–7 Hz) frequency band energy with delta energy more

concentrated in the posterior region and theta more fronto-

central (Basar-Eroglu et al. 1992; Yordanova and Kolev

1996; Basar et al. 1999; Karakas et al. 2000). Since the P3

ERP component is comprised of multiple source genera-

tors it seems appropriate to directly study these underlying

P3 ‘‘wave’’ oscillations. Time–frequency distribution

analysis methods offer an attractive means of studying

such non-stationary EROs and one such method has been

adopted here as an alternative measure of the P3 ERP

amplitude.

Using ERO phenotype data underlying the visual

evoked P3 component Jones et al. (2004) reported signif-

icant linkage on the ‘q’ arm of chromosome 7 using theta

band (4–7 Hz) EROs. The cholinergic muscarinic receptor

gene (CHRM2) was identified as underlying the observed

linkage peak and linkage disequilibrium (LD) analysis

revealed significant association between CHRM2 single

nucleotide polymorphisms (SNPs) and both delta (1–3 Hz)

and theta (4–7 Hz) band ERO data (Jones et al. 2004). The

cholinergic M2 receptor gene belongs to a family of

muscarinic acetylcholine G-protein coupled receptors

(mAchRs) with five known subtypes (M1–M5). M1, M3

and M4 receptors are found in the cerebral cortex and

hippocampus, M2 receptors are more concentrated in the

basal forebrain region, while M5 receptors are found in

small quantities throughout the brain. The specific actions

in the brain of these subtypes are varied: for example the

M1, M3 and M4 receptors are found to be mostly post-

synaptic and facilitate cholinergic neurotransmission; in

contrast, the M2 receptors in the forebrain and hippo-

campus are mainly presynaptic autoreceptors that act to

control acetylcholine release from forebrain cholinergic

terminals (Mash et al. 1985; Quirion et al. 1995; Douglas

et al. 2001; Zhou et al. 2001; Douglas et al. 2002; Zhang

et al. 2002).

In this work we extend the findings reported in Jones

et al. (2004) through the analysis of a larger number of

CHRM2 SNPs (16 as compared to 4), by using additional

association analysis methodologies and by making use of a

refined theta band ERO phenotype extracted using the

same subject population. In particular, we have refined the

theta band ERO measure to better characterize evoked

post-stimulus theta band oscillations, which are observed to

have a fronto-central scalp distribution (c.f., Fig. 1), by

using an improved time–frequency analysis window (300–

500 ms time window and 4–5 Hz frequency window). This

genetic analysis focused on the midline theta band oscil-

latory subcomponents of the P3 potential at three electrode

sites (frontal: Fz; central: Cz; and posterior: Pz) and we

present comparable linkage results to the Jones et al.

(2004) study on chromosome 7q using the theta ERO data

from the frontal and central midline electrodes (Fz and Cz).

Results presented here from a population-based measured

genotype association analysis confirms and strengthens the

previously reported association findings between CHRM2

SNPs in the 5¢ UTR region of the gene with the frontal

theta band ERO phenotype. Finally, we report results of a

pedigree-based test of association of the frontal theta

phenotype with a haplotype created using four consecutive

SNPs which indicate significant population-based associa-

tion (surrounding exon 4). The findings presented here and

in the previous paper (Jones et al. 2004) are the first to link

cholinergic brain pathways with theta band oscillations

underlying the P3 wave using genetic analyses; as such

they represent an important step in the understanding of the

P3 phenomena.
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Methods

Subjects

Subjects included in this study were recruited and tested as

part of the multisite COGA, a large national study imple-

mented with the purpose of identifying genetic loci linked

with the predisposition to develop alcoholism. Data from

six COGA sites were included in the analysis: SUNY

Downstate Medical Center, New York; University of

Connecticut Health Science Center; Indiana University

School of Medicine; University of Iowa School of Medi-

cine; University of California School of Medicine,

San Diego; and Washington University School of

Medicine, St Louis. Ascertainment and assessment proce-

dures have been outlined previously (Begleiter et al. 1995).

The families used in the analyses are taken from COGA

dense alcoholic families. Multiplex families with alcohol-

ism were initially recruited from alcoholic probands who

were in treatment facilities. Psychiatric diagnoses on all

family members were obtained by administering a po-

lydiagnostic instrument designed by COGA (semi-Struc-

tured Assessment for the Genetics of Alcoholism, SSAGA)

(Bucholz et al. 1994). All probands met DSM-IIIR criteria

for alcohol dependence and Feighner definite criteria

(COGA criteria). In addition to the proband, the study re-

quired two additional first-degree relatives who were

alcohol dependent by the same COGA criteria on direct

interview. Individuals with co-morbidity were included.

Family members completed a neuropsychological battery

and family history questionnaire, blood was collected for

various biochemical assays and DNA, and EEGs/ERPs

were recorded.

The total sample included in this genetic analysis con-

sisted of 251 families with 1312 individuals ranging in age

from 16 to 75 years (containing 574 individuals diagnosed

as alcohol dependent). A Caucasian-only sub-sample

comprising 209 families and 1049 individuals was used in

the genetic association analysis (containing 462 individuals

diagnosed as alcohol dependent). Blood was obtained for

DNA extraction and estimation of microsatellite marker

data and SNPs for use in general pedigree linkage and

association analysis.

EEG Data Recording

Electrophysiological recordings were carried out using a

fitted electrode cap containing 19 channels arranged

according to the international 10–20 system (Jasper 1958).

An electrode placed on the subjects’ nose served as the

reference and one on the forehead as a ground. Electrical

activity was amplified 10 K (Sensorium EPA-2 Electro-

physiology Amplifiers) and recorded over a bandwidth of

0.02–50.0 Hz at a sampling rate of 256 Hz. The visual

oddball paradigm employed by COGA was described in a

study on intersite data collection consistency (Cohen et al.

1994). Three types of visual stimuli were presented: target

(the letter X), non-target (squares), and novel (a different

colored geometric figure on each trial). The probabilities of

occurrence of the trials were 0.125 for the target trials, 0.75

for non-target trials and 0.125 for novel trials. Each stim-

ulus shape subtended a visual angle of 2.5�. Stimulus

duration was 60 ms, and the interstimulus interval was

1.6 s. Subjects were requested to respond to the target

stimulus by pressing a button with the left or right index

finger as quickly as possible. Trials with baseline corrected

amplitudes greater than 73 lV were marked as artifact

Fig. 1 Illustration of the theta band ERO phenotype used in the

genetic analysis. The EEG data are obtained during an event-related

visual oddball task with three conditions: target, non-target and novel.

The grand average event related response for the three conditions is

depicted in (a) for the Fz (frontal midline) electrode. Individual trials

were decomposed using the S-transform and the instantaneous

amplitudes averaged across individuals. Mean values within a time–

frequency region of interest (4–5 Hz and 300–500 ms) were adopted

as phenotypes for analysis. Time–frequency plots of the grand

average S-transform amplitudes for each of the conditions are given

in (b) for the Fz electrode. Inset head plots depict the relative

strengths of the windowed data at the respective electrode positions.

Data from approximately 1300 individuals were included in these

grand averaged data
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contaminated. The experiment terminated automatically

when a minimum of 25 target stimuli, 150 non-target

stimuli, and 25 novel stimuli artifact free trials had been

acquired. No significant performance differences (numbers

of correct and incorrect trials) were observed between

individuals diagnosed as alcohol dependent and those

diagnosed as not dependent. Typical ERP analysis involves

averaging of the single trials according to trial type (target,

non-target and novel) and peak-picking of component

amplitudes after baseline correction and other processing

procedures. Here, however, we analyze single trial data

using time–frequency representations (TFRs) as described

in the next section.

ERO Amplitude Estimation

To obtain estimates of localized power of the generally

non-stationary evoked potential time series we use the S-

transform TFR method (Stockwell et al. 1996). The S-

transform is a generalization of the Gabor transform and an

extension to the continuous wavelet transform. The S-

transform generates a TFR of a signal by integrating the

signal at each time point with a series of windowed har-

monics of various frequencies as follows:

ST ðf ; sÞ ¼
Z 1
�1

hðtÞ jf jffiffiffiffiffiffi
2p
p e�

ðs�tÞ2f 2

2 e�i2pft dt;

where h(t)is the signal, f is frequency, s is a translation

parameter, the first exponential is the window function, and

the second exponential is the harmonic function. The

S-transform TFR is computed by shifting the window

function down the signal in time across a range of

frequencies. The window function is Gaussian with 1/f2

variance and scales in width according to the examined

frequency. This inverse dependence of the width of the

Gaussian window with frequency provides the frequency-

dependent resolution.

The electrophysiological phenotypes used in the analy-

sis were derived using single trial visual oddball event

related data from the target, non-target and novel experi-

mental conditions. The instantaneous amplitudes of the S-

transform TFR were averaged across single trials, per

individual, to obtain an estimate of event related total

amplitude response (stimulus onset phase locked plus non-

phase locked oscillations). The total amplitude response

enhances events that occur in a similar time range as re-

lated to the stimulus onset, and irrespective of their phase

relations. Mean values were calculated from the TFR for

use as phenotypes within time–frequency regions of

interest (TFROI’s) specified by frequency band ranges and

time intervals (Lachaux et al. 2003). This study focused on

evoked oscillation TFROI corresponding to the lower theta

(4–5 Hz) frequency band and the 300–500 ms time win-

dow range. This TFROI was established by examination of

target condition grand-mean TFR amplitudes and selecting

a region bounding an observed stimulus evoked increase in

theta band energy (c.f. Fig. 1b) which relates to a sub-

component of the P300 event related potential. In a similar

way to the P300 ERP amplitude the theta band ERO phe-

notype showed a significant age effect with amplitude

decreasing at a rate of 0.05lV/year (over the 16–75 year

age range); therefore, age was included as a covariate in the

genetic analyses.

Genotyping

Genotyping was performed at Washington University and

Indiana University (Reich et al. 1998). Publicly available

databases (NCBI) were used to identify SNPs within and

nearby the CHRM2 gene. PCR primers were selected using

the MacVector 6.5.3 program (Oxford Molecular Group,

Inc.) to give 200–500 bp genomic fragments containing the

SNP. All of the SNP genotyping was performed using a

Pyrosequencing method (Pyrosequencing AB). Standard

PCR procedures were followed to generate PCR products.

The sequence of the PCR product was entered into the

Pyrosequencing Primer Design program to select

sequencing primers for the SNP assay.

Linkage Analysis

Linkage analysis was performed using the variance com-

ponent linkage package SOLAR (Almasy and Blangero

1998). SOLAR uses a variance–covariance matrix for each

pedigree which depends on the predicted proportion of

genes shared identity-by-descent (IBD) at a hypothesized

quantitative trait locus, QTL; this proportion is also

dependent on the proportion shared IBD at genotyped

microsatellite markers and on the type of relative pair.

Maximum likelihood estimates for the variance component

parameters were obtained, and a LOD score computed as

log 10 of the likelihood ratio comparing two models: a

model where the additive genetic variance for the QTL is

estimated versus a model where this variance is constrained

to be zero (no linkage). Variance component linkage

analyses were carried out at 1 cM intervals across all

chromosomes. Exact IBD matrices were calculated using

Genehunter (Kruglyak et al. 1996). The analyses were

performed using the t-distribution rather than the multi-

variate normal distribution, since the t-distribution is less

susceptible to distributional violations caused by slight

kurtosis observed in the phenotype data (Blangero et al.

2001). Gender, gender-specific age, age, and age-squared

data were incorporated in the analysis as covariates

and retained when a likelihood ratio test was deemed
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significant (P < 0.1) for these covariates. The initial gen-

ome-wide linkage scan of ERO phenotypes was performed

employing the entire COGA dataset available with elec-

trophysiological data (1312 individuals from 251 families).

Measured Genotype Association Analysis

Measured genotype association analyses directly test for

correlations between phenotype and genotype and are

based on identity-by-state (IBS) allele sharing. The addi-

tive measured genotype model assumes that each dose of

the variant allele has an equal effect on a trait mean and

places the heterozygote mean halfway between the homo-

zygotes, thereby allowing a test of the trait mean variation

with genotype. This is a conventional measured genotype

association approach (Boerwinkle et al. 1986) which tests

for differences in the trait mean by genotype, taking into

account the relatedness of the individuals, and is therefore

susceptible to false positives caused by population strati-

fication. To curtail possible population stratification issues

the measured genotype association analysis was con-

strained to a Caucasian-only subset of the dataset (1049

individuals from 209 families).

The Quantitative Pedigree Disequilibrium Test (QPDT)

To further test the evidence of association between the

CHRM2 gene SNPs and the ERO phenotypes, the

QPDTPHASE option of the UNPHASED suite of programs

was utilized (Dudbridge 2003). This method is an imple-

mentation of the quantitative trait pedigree disequilibrium

test (PDT) (Monks and Kaplan 2000) with extensions to

deal with haplotypes and missing data. Despite being a less

powerful test than the population-based measured genotype

association method it is less susceptible to false positives

arising from population stratification. The PDT is a gen-

eralization of the transmission disequilibrium test (TDT) to

large pedigrees by defining a measure of LD for each triad

and discordant sib-pair and averaging to obtain a measure

for each pedigree. The quantitative PDT therefore provides

measures of association of quantitative phenotype mea-

sures within a pedigree conditional on the genotypes of

related family members. Two statistics are provided by the

QPDTPHASE program: the SUM and the AVG statistics.

The SUM statistic gives greater weight to larger pedigrees

than the AVG statistic, which weights all pedigrees

equally.

Issues of Power in the Genetic Analyses

This is the largest family study of its type for genetic re-

search on electrophysiological parameters. However, link-

age studies of quantitative risk factors require very large

sample sizes. As such, our power to detect linkage is good

for loci of large effect but weak for loci of relatively small

effect. This means that we are likely to detect the most

influential loci through our linkage analyses but also that

we are likely to have missed some loci of interest. We have

better power to detect loci of smaller effect through asso-

ciation analyses, provided one or more of our genotyped

markers is in LD with a functional variant. Given this, we

may detect different loci using linkage and association

methods depending on the effect size of the underlying

locus and the strength of disequilibrium between geno-

typed markers and functional variants. A variant of large

effect may be detected through linkage and not by asso-

ciation due to lack of disequilibrium with the genotyped

markers. A variant of small effect, on the other hand, could

provide much stronger signals in an association analysis

than in a linkage analysis.

Results

Figure 1 demonstrates the temporal and spatial nature of

post-stimulus evoked oscillations during a three-stimulus

visual oddball paradigm (at the frontal midline electrode

Fz). The paradigm consists of rarely occurring target and

novel stimuli as well as frequently occurring non-target

stimuli. Visual inspection of the data reveals the presence

of fronto-centrally distributed evoked theta activity during

the target and novel conditions but not during the non-

target condition (Fig. 1); therefore, genetic analyses were

performed using the midline theta (4–5 Hz) ERO sub-

components of the P3. A genome-wide linkage screen re-

sulted in a significant linkage peak on chromosome 7q near

marker D7S509 for the target condition ERO phenotype

derived from the central midline electrode Cz (LOD = 3.6)

and the frontal midline electrode Fz (LOD = 3.16). These

linkage peaks are depicted in Fig. 2. The CHRM2 gene is

located directly under the linkage peak and is a strong

biological candidate gene. We have previously reported

significant association results for a single SNP in the

CHRM2 gene using a similar theta ERO phenotype in the

same dataset (Jones et al. 2004); however, as mentioned in

the introduction, here we show stronger evidence of asso-

ciation using many additional SNPs.

It is worth noting that we have concentrated solely on

the CHRM2 gene and do not analyze the other cholinergic

muscarinic genes on the genome (M1, M3, M4 and M5)

since our analysis is driven by the observed linkage find-

ings and is not a strict candidate gene approach. This gene

finding strategy is recommended since it narrows down

the number of candidate genes to study (in our case to one

gene), which in turn alleviates the multiple comparison

problem. Also, linkage analysis is not subject to population
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stratification issues which may adversely affect population-

based association strategies (Vink and Boomsma 2002).

The relative positions of the 16 genotyped CHRM2

SNPs and the gene structure are depicted in Fig. 3. A

measured genotype test of association of the CHRM2 SNPs

was used to test association between the phenotype and an

additive genotype model. Since this type of test can be

subject to population stratification issues, the dataset was

reduced to the largest ethnic subpopulation: Caucasian.

Table 1 outlines the results of the association analyses

which indicate association between several SNPs flanking

exon 4 of the CHRM2 gene and target condition EROs

derived from the Fz and Cz electrodes. Although no sig-

nificant or suggestive linkage findings were observed for

the non-target and novel condition data we also tested these

data for association with the CHRM2 SNPs as a secondary

analysis; no significant associations were observed with

these data.

Pair-wise estimates of disequilibrium (Devlin et al.

1996; Abecasis and Cookson 2000) between the CHRM2

SNPs are illustrated in Fig. 4. In general three regions of

high LD (|D’|> 0.75) can be identified (Fig. 4a) with one

group extending from rs324640 to rs324656 (10 kb

downstream of the 3¢-UTR), another group encompassing

SNPs from rs2350780 to rs2350786, and a third LD group

including the SNPs rs1424558, rs1424574 and rs1424569.

Measures of statistical association between the SNPs

afforded by the d2 measure suggest that the middle group

of SNPs form a haplotype block (Fig. 4b). The SNPs

showing the strongest association with the ERO phenotype

(Table 1) exhibit similar allele frequencies and are in

strong LD with one another. The results of a pedigree based

Fig. 2 LOD score plots of

linkage results on chromosome

7. Results depicted for the target

case theta band ERO phenotype

calculated using the full COGA

dataset and for the Fz, Cz, and

Pz electrodes (frontal, central

and parietal midline locations).

Exact IBD matrices were

calculated using Genehunter;

genome-wide LOD scores were

estimated via variance

component linkage analysis

using SOLAR. The full COGA

dataset (with available EEG

data) consists of 1312

individuals in 251 families

Fig. 3 Location of SNPs within and flanking the CHRM2 gene on

chromosome 7q. The gray boxed region represents the coding

sequence of the gene. The values given in brackets are the base-pair

locations of each SNP as given by the NCBI human genome map

(build 35). All SNPs were analyzed using an additive model measured

genotype association test with the theta band ERO phenotype. SNPs

highlighted in bold were further analyzed using a haplotype pedigree

disequilibrium test
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test of association using a haplotype created with these

high LD and significant SNPs is summarized in Table 2.

These analyses reveal that the most common haploptye is

associated with reduced theta activity, while the second

most common haplotype results in increased evoked theta.

Discussion

Using electrophysiological measures we have demon-

strated genetic association of target condition evoked theta

EROs with SNPs from the regulatory regions of the cho-

linergic muscarinic M2 receptor gene (CHRM2). Common

variants in this gene are associated with differences in these

measures. However, these SNPs are located within introns

of the CHRM2 gene and are not associated any exonic

variation in the gene. This suggests that the differences in

theta EROs result from changes in CHRM2 gene regulation

rather than protein sequence. In this regard, we note that

the most highly associated SNPs lie within a 30 kb region

flanking exon 4, an alternatively spliced exon. The signif-

icance of the extensive alternative splicing of the 5¢ UTR of

the CHRM2 gene remains unclear but may underlie the

variation in theta EROs reported in this paper.

Behavioral and pharmacological evidence indicates that

the cholinergic system is important for the generation of

the P3. Administration of drugs known to influence the

cholinergic system in humans such as carbachol (cholin-

ergic agonist), atropine and scopolamine (anticholinergic

agents) have been shown to modify P3 amplitude (Mohs

and Davies 1985; Hammond et al. 1987; Meador et al.

1987; Dierks et al. 1994; Potter et al. 2000). Disorders

which exhibit a modified P3 response such as Alzheimer’s

disease, Parkinson’s disease and schizophrenia (Polich and

Herbst 2001) are known to manifest abnormalities in the

cholinergic system (Perry and Perry 1995). Also, it has

been hypothesized that impairment to the cholinergic sys-

tem may result in the reduced ability to detect, select,

discriminate and process relevant stimuli and the eventual

decline of memory functions characteristic of diseases such

as Alzheimer’s (Sarter and Bruno 1999). It is expected,

therefore, that variation in measures characterizing the P3,

which are mediated by attentional processing, working

memory, decision making and response selection, may

reflect the influence of the cholinergic system.

Neural oscillatory responses have been attributed to

various cognitive processes in the literature. Delta re-

sponses are considered to mediate signal detection and

decision-making (Basar et al. 1999; Schurmann et al.

2001), while theta rhythms have been attributed with

attention, recognition memory, and episodic retrieval

(Klimesch et al. 1997; Doppelmayr et al. 1998, 2000;

Basar et al. 2001; Klimesch et al. 2001). The theta com-

ponent of the P3 response may be of particular relevance in

relation to the cholinergic system in light of recent neu-

rophysiological data acquired from experiments on rat

brains. In vitro studies have suggested that the presence of

a cholinergic agonist in the rat hippocampus induces

oscillations in the delta, and theta frequency range (Fellous

and Sejnowski 2000). In vitro administration of high con-

centrations of the muscarinic agonist carbachol in the rat

hippocampus has been shown to induce short episodes of

theta oscillations (Fellous and Sejnowski 2000). Theta

band oscillations have also been induced in rat neocortical

slices by use of cholinergic agonists (Lukatch and MacIver

1997). Results from these studies fit the pharmacological

and physiological model of an ascending cholinergic

pathway originating in the brain stem which modulates

oscillations likely to be implicated with arousal, sensori-

motor processing, learning and memory. In addition, scalp

and intracranially recorded human theta rhythms have been

observed during verbal and spatial memory tasks, and it has

been suggested that theta synchronization across different

brain regions is characteristic of high level cognitive

‘top-down’ processes (von Stein and Sarnthein 2000).

Table 1 CHRM2 SNP measured genotype association analysis

results for three midline electrode sites

Additive measured genotype

SNP model (allele frequencies)

Fz Cz Pz

rs1424558 (C:0.36/G:0.64) – – –

rs1424574 (C:0.15/T:0.85) 0.04 0.04 –

rs1424569 (A:0.48/G:0.52) – – –

rs2350780 (A:0.64/G:0.36) 0.01 0.05 –

rs978437 (A:0.68/G:0.32) 0.0003* 0.008 0.04

rs1824024 (G:0.33/T:0.67) 0.00009** 0.001* 0.01

rs2061174 (C:0.34/T:0.66) 0.003 0.02 –

rs2350786 (A:0.29/G:0.71) 0.002 0.002 0.02

rs324640 (C:0.45/T:0.55) – – –

rs324650 (A:0.44/T:0.56) – – –

rs324651 (G:0.88/T:0.12) – – –

rs8191992 (A:0.41/T:0.59) – – –

rs8191993 (C:0.70/G:0.30) – 0.008 0.02

rs1378650 (C:0.58/T:0.42) – 0.03 –

rs1424548 (A:0.38/G:0.62) 0.04 0.02 –

rs324656 (C:0.36/T:0.64) – – –

Significant genetic association P-values (uncorrected for multiple

tests) are provided for Caucasian-only visual oddball target condition

theta band data and the CHRM2 gene SNPs. These results are ob-

tained using a population based additive measured genotype SNP

model in which AA SNP genotypes are coded as )1, Aa genotypes

are coded as 0 and aa genotypes are coded as 1. Age, gender, age-

squared and age by gender were included in the model as fixed effects

on the phenotype trait mean. P-values highlighted in bold are sig-

nificant after application of a Bonferroni correction for multiple tests

(*P < 0.05; **P < 0.01). The Caucasian-only dataset (with available

EEG data) consists of 1049 individuals in 209 families. Association

tests were performed using data from the frontal midline (Fz), central

midline (Cz) and posterior midline (Pz) electrodes
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The predominantly presynaptic nature of the cholinergic

M2 receptors in the basal forebrain indicates that M2

receptors may be involved in the inhibitory mediation of

many high order cognitive functions through the inhibition

of the presynaptic release of acetylcholine. The notion that

M2 autoreceptor modulation of acetylcholine is important

for cognitive function is supported by recent genetic

association studies which have reported significant findings

between cholinergic M2 receptor gene SNPs with an

alcoholism and depression diagnosis (Wang et al. 2004).

A finding that has been replicated using an independent

case–control sample (Luo et al. 2005). Also, a recent study

of M2 receptor knock-out mice performing maze tests

indicates that these mice manifest deficits in behavioral

flexibility and working memory (Seeger et al. 2004). In

addition, it has been found that pharmacological blocking

of M2 autoreceptors in the prefrontal cortex of the mouse

results in increased release of acetylcholine which also

coincides with EEG activation in the prefrontal cortex and

modulation of EEG slow waves and spindles (Douglas

et al. 2002). The origin of acetylcholine in the mouse

prefrontal cortex is found to mostly arise from basal fore-

brain cholinergic neurons (Kitt et al. 1994). These data

provide support for the idea that muscarinic M2 autore-

ceptor inhibitory modulation of acetylcholine release

influences cortical excitability by promoting relevant

Fig. 4 Pattern of pairwise LD within and flanking the CHRM2 gene.

The colored circles represent the estimated value of pairwise LD

between the corresponding two SNPs using (a) Lewontin’s |D¢| and

(b) d2 measures of LD. Lewontin’s |D¢| is a popular measure of LD

which includes rates of recombination, but which can be upwardly

biased when measured using small sample sizes. The d2 LD measure

represents a statistical association between the SNPs and can be more

useful in dividing closely spaced SNPs into blocks; however d2 is not

related to the recombination fraction. SNP names in red denote SNPs

used in a haplotype analysis of association with the theta band ERO

phenotype

Table 2 CHRM2 SNP haplotype analysis

rs978437, rs1824024,

rs2061174, rs2350786

Founder haplotype

frequencies

Target AVG QPDT Target SUM QPDT

Z P-value Z P-value

A-T-T-G 0.66 )2.932 0.003* )2.958 0.003*

G-G-C-A 0.16 3.032 0.0025* 3.023 0.0025*

G-G-T-G 0.06 0.996 0.319 )0.731 0.465

Frequencies less than 3% 0.12 )0.229 0.819 )0.278 0.781

Results obtained using a family-based QPDT of association with the Caucasian-only theta band target condition data derived from the Fz

electrode (frontal midline location). Results are obtained using the AVG statistic which gives equal weight to all the pedigrees in the analysis

regardless of pedigree size and the SUM statistic which gives a greater weight in the analysis to larger sized pedigrees. Global AVG test v2 12.5,

P = 0.0019**; Global SUM test v2 12.3, P = 0.0021**. P-values highlighted in bold are significant after application of a Bonferroni correction

for multiple tests (*P < 0.05; **P < 0.01)
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cholinergic and glutamatergic neurotransmission, and that

this modulation is relevant to the facilitation of cognitive

processes (Quirion et al. 1995).

Our genetic association findings suggest that evoked

theta oscillations are in part mediated by cholinergic M2

autoreceptors in the basal forebrain, a region known to be

involved in high-order cortical functions. It is feasible that

M2 modulation of acetylcholine release has a role in

inhibiting cortical subsystems which are irrelevant to the

processing of the target condition and thereby facilitating

the promotion of the relevant systems. Therefore, we

hypothesize that the genetic findings presented here may be

interpreted in terms of the threshold regulation theory of P3

generation (Elbert and Rockstroh 1987) in which cholin-

ergic M2 receptor modulation of the acetylcholine system

provides the necessary inhibition of irrelevant subsystems

in order to achieve the proper target condition response.

Hence, these findings support a role for CNS inhibition in

the production of the P3 response. Also, the significant

genetic linkage and association results were found using

measures derived from target condition data, and impor-

tantly, equivalent findings were not obtained using data

from the novel and non-target conditions. The target con-

dition requires additional processing functions over the

non-target and novel conditions. Given the strong evidence

linking human theta rhythms with working memory per-

formance (Klimesch 1997; Doppelmayr et al. 1998, 2000;

Klimesch et al. 2001) it is tempting to propose that the

increased working memory demands needed to complete

the target condition require increased suppression of the

irrelevant brain networks which is mediated by cholinergic

M2 receptors in the basal forebrain. It should be noted,

however, that the major operating oscillations, such as

theta, may be context sensitive and change their functional

roles depending on the nature of the experiment (Basar

et al. 2001). Therefore, the findings presented here may not

only be specific to the task condition but also to the

experiment design and demands.

The use of neuropsychiatric genetic data, such as those

outlined in this article, in combination with neurochemical

and neuroanatomical information, have the potential to

unravel the complex interplay of the subsystems which are

relevant to the generation of brain oscillations evoked un-

der differing cognitive conditions. We expect, therefore,

that the identification of genes which regulate our mental

processes will be of enormous benefit to the field of psy-

chiatric genetics and the study of psychiatric and neuro-

logical disorders and concomitant dysfunctions. Recent

studies have indicated that the predisposition towards

alcoholism, major depression, drug dependence and

affective disorders is influenced by variations in the same

region of the CHRM2 gene as influencing the ERO phe-

notype presented here (Wang et al. 2004; Luo et al. 2005).

These data support the notion that carefully chosen brain

oscillations may be adopted as endophenotypes in psychi-

atric genetics since they can reflect the liability of many

psychiatric disorders. As with all genetic studies of com-

plex phenotypes caution must be advised until the findings

are supported and replicated using an independent data

sample.

Acknowledgments The Collaborative Study on the Genetics of

Alcoholism (COGA) (Principal Investigator: H. Begleiter; Co-Prin-

cipal Investigators: L. Bierut, H. Edenberg, V. Hesselbrock, B. Por-

jesz) includes nine different centers where data collection, analysis,

and storage take place. The nine sites and Principal Investigators and

Co-Investigators are: University of Connecticut (V. Hesselbrock);

Indiana University (H. Edenberg, J. Nurnberger Jr., P.M. Conneally,

T. Foroud); University of Iowa (S. Kuperman, R. Crowe); SUNY

HSCB (B. Porjesz, H. Begleiter); Washington University in St. Louis

(L. Bierut, A. Goate, J. Rice); University of California at San Diego

(M. Schuckit); Howard University (R. Taylor); Rutgers University

(J. Tischfield); Southwest Foundation (L. Almasy). Zhaoxia Ren

serves as the NIAAA Staff Collaborator. This national collaborative

study is supported by the NIH Grant U10AA08401 from the National

Institute on Alcohol Abuse and Alcoholism (NIAAA) and the Na-

tional Institute on Drug Abuse (NIDA).In memory of Theodore

Reich, M.D., Co-Principal Investigator of COGA since its inception

and one of the founders of modern psychiatric genetics, we

acknowledge his immeasurable and fundamental scientific contribu-

tions to COGA and the field.

References

Abecasis GR, Cookson WO (2000) GOLD–graphical overview of

linkage disequilibrium. Bioinformatics 16:182–183

Almasy L (2003) Quantitative risk factors as indices of alcoholism

susceptibility. Ann Med 35:337–343

Almasy L, Blangero J (1998) Multipoint quantitative-trait linkage

analysis in general pedigrees. Am J Hum Genet 62:1198–1211

Almasy L, Porjesz B, Blangero J, Goate A, Edenberg HJ, Chorlian DB,

Kuperman S, O’Connor SJ, Rohrbaugh J, Bauer LO, Foroud T,

Rice JP, Reich T, Begleiter H (2001) Genetics of event-related

brain potentials in response to a semantic priming paradigm in

families with a history of alcoholism. Am J Hum Genet 68:128–

135

Anokhin AP, Vedeniapin AB, Sirevaag EJ, Bauer LO, O’Connor SJ,

Kuperman S, Porjesz B, Reich T, Begleiter H, Polich J, Ro-

hrbaugh JW (2000) The P300 brain potential is reduced in

smokers. Psychopharmacology (Berl) 149:409–413

Ardekani BA, Choi SJ, Hossein-Zadeh GA, Porjesz B, Tanabe JL,

Lim KO, Bilder R, Helpern JA, Begleiter H (2002) Functional

magnetic resonance imaging of brain activity in the visual

oddball task. Brain Res Cogn Brain Res 14:347–356

Basar-Eroglu C, Basar E, Demiralp T, Schurmann M (1992) P300-

response: possible psychophysiological correlates in delta and

theta frequency channels. A review. Int J Psychophysiol 13:161–

179

Basar E (1980) EEG-brain dynamics: relation between EEG and brain

evoked potentials. Elsevier, New York

Basar E, Schurmann M, Sakowitz O (2001) The selectively distrib-

uted theta system: functions. Int J Psychophysiol 39:197–212

Basar E, Basar-Eroglu C, Karakas S, Schurmann M (1999) Are cog-

nitive processes manifested in event-related gamma, alpha, theta

and delta oscillations in the EEG?. Neurosci Lett 259:165–168

Behav Genet

123



Baudena P, Halgren E, Heit G, Clarke JM (1995) Intracerebral

potentials to rare target and distractor auditory and visual stim-

uli. III. Frontal cortex. Electroencephalogr Clin Neurophysiol

94:251–264

Begleiter H, Reich T, Hesselbrock VM, Porjesz B, Li TK, Schuckit

MA, Edenberg HJ, Rice JP (1995) The collaborative study on the

genetics of alcoholism. Alcohol Health Res World 19:228–236

Begleiter H, Porjesz B, Reich T, Edenberg HJ, Goate A, Blangero

J, Almasy L, Foroud T, van Eerdewegh P, Polich J, Rohrb-

augh J, Kuperman S, Bauer LO, O’Connor SJ, Chorlian DB,

Li T-K, Conneally PM, Hesselbrock V, Rice J, Schuckit M,

Cloninger R, Nurnberger J, Crowe R, Bloom FE (1998)

Quantitative trait loci analysis of human event-related brain

potentials: P3 voltage. Electroencephalogr Clin Neurophysiol

108:244–250

Begleiter H, Porjesz B, Bihari B, Kissin B (1984) Event-related

potentials in boys at risk for alcoholism. Science 225:1493–1496

Biggins CA, MacKay S, Clark W, Fein G (1997) Event-related po-

tential evidence for frontal cortex effects of chronic cocaine

dependence. Biol Psychiatry 42:472–485

Birbaumer N, Elbert T, Canavan A, Rockstroh B (1990) Slow potentials

of the cerebral cortex and behavior. Physiol Rev 70:1–41

Blangero J, Williams JT, Almasy L (2001) Variance component

methods for detecting complex trait loci. Adv Genet 42:151–181

Boerwinkle E, Chakraborty R, Sing CF (1986) The use of measured

genotype information in the analysis of quantitative phenotypes

in Man. I. Models and analytical methods. Ann Hum Genet

50:181–194

Brazdil M, Rektor I, Dufek M, Daniel P, Jurak P, Kuba R (1999) The

role of frontal and temporal lobes in visual discrimination

task—depth ERP studies. Neurophysiol Clin 29:339–350

Brigham J, Moss HB, Murrelle EL, Kirisci L, Spinelli JS (1997)

Event-related potential negative shift in sons of polysubstance-

and alcohol-use disorder fathers. Psychiatry Res 73:133–146

Bucholz KK, Cadoret R, Cloninger CR, Dinwiddie SH, Hesselbrock

VM, Nurnberger JI, Reich T, Schmidt I, Schuckit MA (1994)

A new semi-structured psychiatric interview for use in genetic

linkage studies: a report of the reliability of the SSAGA. J Stud

Alcohol 55:149–158

Chen TJ, Yu YW, Chen JY, Wang YC, Chen MC, Hong CJ, Tsai SJ

(2002) Association analysis of two dopamine D2 receptor gene

polymorphisms and p300 event-related potential in depressive

patients. Neuropsychobiology 46:141–144

Cohen HL, Wang W, Porjesz B, Bauer BO, Kuperman S, O’Connor

SJ, Rohrbaugh J, Begleiter H (1994) Visual P300: an interlab-

oratory consistency study. Alcohol 11:583–587

Costa L, Bauer L, Kuperman S, Porjesz B, O’Connor S, Hesselbrock

V, Rohrbaugh J, Begleiter H (2000) Frontal P300 decrements,

alcohol dependence, and antisocial personality disorder. Biol

Psychiatry 47:1064–1071

Desmedt JE (1980) P300 in serial tasks: an essential post-decision

closure mechanism. In: Kornhuber HH, Deecke L (eds) Moti-

vation, motor and sensory processes of the brain. Elsevier,

Amsterdam, pp 682–686

Devlin B, Risch N, Roeder K (1996) Disequilibrium mapping:

composite likelihood for pairwise disequilibrium. Genomics

36:1–16

Dierks T, Frolich L, Ihl R, Maurer R (1994) Event related potentials

and psychopharmacology. Cholinergic innervation of P300.

Pharmacopsychiatry 27:72–74

Donchin E. (1979) Event-related brain potentials: a tool in the study

of human information processing. In: Begleiter H (ed) Evoked

brain potentials and behavior. Plenum, New York, pp 13–88

Donchin E, Coles MGH (1988) Is the P300 component a manifesta-

tion of context updating? Behav Brain Sci 11:357–374

Doppelmayr M, Klimesch W, Schwaiger J, Auinger P, Winkler T

(1998) Theta synchronization in the human EEG and episodic

retrieval. Neurosci Lett 257:41–44

Doppelmayr M, Klimesch W, Schwaiger J, Stadler W, Rohm D

(2000) The time locked theta response reflects interindividual

differences in human memory performance. Neurosci Lett

278:141–144

Douglas CL, Baghdoyan HA, Lydic R (2001) M2 muscarinic auto-

receptors modulate acetylcholine release in prefrontal cortex of

C57BL/6J mouse. J Pharmacol Exp Ther 299:960–966

Douglas CL, Baghdoyan HA, Lydic R (2002) Prefrontal cortex ace-

tylcholine release, EEG slow waves, and spindles are modulated

by M2 autoreceptors in C57BL/6J mouse. J Neurophysiol

87:2817–2822

Dudbridge F (2003) Pedigree disequilibrium tests for multilocus

haplotypes. Genet Epidemiol 25:115–121

Elbert T, Rockstroh B (1987) Threshold regulation – a key to the

understanding of the combined dynamics of EEG and event re-

lated potentials. J Psychophysiol 4:314–331

Fellous J-M, Sejnowski T (2000) Cholinergic induction of oscillations

in the Hippocampal slice in the slow (0.5–2 Hz), theta (5–12 Hz)

and gamma (35–70 Hz) bands. Hippocampus 10:187–197

Frodl-Bauch T, Bottlender R, Hegerl U (1999) Neurochemical sub-

strates and neuranatomical generators of the event-related P300.

Neuropsychobiology 40:86–94

Gottesman I, Gould TD (2003) The endophenotype concept in psy-

chiatry: etymology and strategic intentions. Am J Psychiatry

160:636–645

Gruber WR, Klimesch W, Sauseng P, Doppelmayr M (2005) Alpha

phase synchronization predicts P1 and N1 latency and amplitude

size. Cereb Cortex 15:371–377

Halgren E, Baudena P, Clarke JM, Heit G, Liegeois C, Chauvel P,

Musolino A (1995a) Intracerebral potentials to rare target and

distractor auditory and visual stimuli. I. Superior temporal plane

and parietal lobe. Electroencephalogr Clin Neurophysiol

94:191–220

Halgren E, Baudena P, Clarke JM, Heit G, Marinkovic K, Devaux B,

Vignal JP, Biraben A (1995b) Intracerebral potentials to rare

target and distractor auditory and visual stimuli. II. Medial,

lateral and posterior temporal lobe. Electroencephalogr Clin

Neurophysiol 94:229–250

Hammond EJ, Meador KJ, Aung-Din R, Wilder BJ (1987) Cholin-

ergic modulation of human P3 event related potentials. Neurol-

ogy 37:346–350

Herning RI (1996) Cognitive event-related potentials in populations

at risk for substance abuse. NIDA Res Monogr 159:161–185;

discussion 186–192

Hesselbrock V, Begleiter H, Porjesz B, O’Connor S, Bauer L (2001)

P300 event-related potential amplitude as an endophenotype of

alcoholism – evidence from the collaborative study on the

genetics of alcoholism. J Biomed Sci 8:77–82

Hesselbrock VM, Bauer LO, O’Connor SJ, Gillen R (1993) Reduced

P300 amplitude in relation to family history of alcoholism and

antisocial personality disorder among young men at risk for

alcoholism. Alcohol Suppl 2:95–100

Hill SY, Shen S (2002) Neurodevelopmental patterns of visual P3b in

association with familial risk for alcohol dependence and

childhood diagnosis. Biol Psychiatry 51:621–631

Hill SY, Locke J, Zezza N, Kaplan B, Neiswanger K, Steinhauer SR,

Wipprecht G, Xu J (1998) Genetic association between reduced

P300 amplitude and the DRD2 dopamine receptor A1 allele in

children at high risk for alcoholism. Biol Psychiatry 43:40–51

Iacono WG, Malone SM, McGue M (2003) Substance use disorders,

externalizing psychopathology, and P300 event-related potential

amplitude. Int J Psychophysiol 48:147–178

Behav Genet

123



Iacono WG, Carlson SR, Malone SM, McGue M (2002) P3 event-

related potential amplitude and the risk for disinhibitory disor-

ders in adolescent boys. Arch Gen Psychiatry 59:750–757

Jasper HH (1958) The 10–20 electrode system of the International

Federation. Electroencephalogr Clin Neurophysiol 10:371–375

Jones KA, Porjesz B, Almasy L, Bierut L, Goate A, Wang JC, Dick

DM, Hinrichs A, Kwon J, Rice JP, Rohrbaugh J, Stock H, Wu

W, Bauer LO, Chorlian DB, Crowe RR, Edenberg HJ, Foroud T,

Hesselbrock V, Kuperman S, Nurnberger J Jr, O’Connor SJ,

Schuckit MA, Stimus AT, Tischfield JA, Reich T, Begleiter H

(2004) Linkage and linkage disequilibrium of evoked EEG

oscillations with CHRM2 receptor gene polymorphisms: impli-

cations for human brain dynamics and cognition. Int J Psycho-

physiol 53:75–90

Karakas S, Erzengin OU, Basar E (2000) A new strategy involving

multiple cognitive paradigms demonstrates that ERP compo-

nents are determined by superposition of oscillatory responses.

Clin Neurophysiol 111:1719–1732

Katsanis J, Jacono WG, McGue MK, Carlson SR (1997) P300 event-

related potential heritability in monozygotic and dizygotic twins.

Psychophysiology 34:47–58

Kiehl KA, Liddle PF (2001) An event-related functional magnetic

resonance imaging study of an auditory oddball task in schizo-

phrenia. Schizophr Res 48:159–171

Kirschfeld K (2005) The physical basis of alpha waves in the elec-

troencephalogram and the origin of the ‘‘Berger effect’’. Biol

Cybern 92:177–185

Kitt CA, Hohmann C, Coyle JT, Price DL (1994) Cholinergic

innervation of mouse forebrain structures. J Comp Neurol

341:117–129

Klimesch W (1997) EEG-alpha rhythms and memory processes. Int

J Psychophysiol 26:319–340

Klimesch W, Doppelmayr M, Schimke H, Ripper B (1997) Theta

synchronization and alpha desynchronization in a memory task.

Psychophysiology 34:169–176

Klimesch W, Doppelmayr M, Yonelinas A, Kroll N, Lazzara M,

Rohm D, Gruber W (2001) Theta synchronization during epi-

sodic retrieval: neural correlates of conscious awareness. Cognit

Brain Res 12:33–38

Klorman R (1991) Cognitive event-related potentials in attention

deficit disorder. J Learn Disabil 24:130–140

Kruglyak L, Daly MJ, Reeve-Daly MP, Lander ES (1996) Parametric

and nonparametric linkage analysis: a unified multipoint ap-

proach. Am J Hum Genet 58:1347–1363

Lachaux JP, Chavez M, Lutz A (2003) A simple measure of corre-

lation across time, frequency and space between continuous

brain signals. J Neurosci Methods 123:175–188

Lin CH, Yu YW, Chen TJ, Tsa SJ, Hong CJ (2001) Association

analysis for dopamine D2 receptor Taq1 polymorphism with

P300 event-related potential for normal young females. Psychiatr

Genet 11:165–168

Lukatch HS, MacIver MB (1997) Physiology, pharmacology, and

topography of cholinergic neocortical oscillations in vitro.

J Neurophysiol 77:2427–2445

Luo X, Kranzler HR, Zuo L, Wang S, Blumberg HP, Gelernter J

(2005) CHRM2 gene predisposes to alcohol dependence, drug

dependence and affective disorders: results from an extended

case–control structured association study. Hum Mol Genet

14:2421–2434

Magliero A, Bashore TR, Coles MG, Donchin E (1984) On the

dependence of P300 latency on stimulus evaluation processes.

Psychophysiology 21:171–186

Makeig S, Westerfield M, Jung TP, Enghoff S, Townsend J, Cour-

chesne E, Sejnowski TJ (2002) Dynamic brain sources of visual

evoked responses. Science 295:690–694

Makinen V, Tiitinen H, May P (2005) Auditory event-related re-

sponses are generated independently of ongoing brain activity.

Neuroimage 24:961–968

Mash DC, Flynn DD, Potter LT (1985) Loss of M2 muscarine

receptors in the cerebral cortex in Alzheimer’s disease and

experimental cholinergic denervation. Science 228:1115–1117

McCarthy G, Wood CC, Williamson PD, Spencer DD (1989) Task-

dependent field potentials in human hippocampal formation.

J Neurosci 9:4253–4268

Meador KJ, Loring DW, Adams RJ, Platel BR, Davis HC, Hammond

EJ (1987) Central cholinergic systems and auditory P3 evoked

potential. Int J Neurosci 33:199–205

Menon V, Ford JM, Lim KO, Glover GH, Pfefferbaum A (1997)

Combined event-related fMRI and EEG evidence for temporal-

parietal cortex activation during target detection. Neuroreport

8:3029–3037

Mohs RC, Davies KL (1985) Interaction of choline and scopalamine

in human memory. Life Sci 37:193–197

Monks SA, Kaplan NL (2000) Removing the sampling restrictions

from family-based tests of association for a quantitative-trait

locus. Am J Hum Genet 66:576–592

O’Connor SJ, Morzorati S, Christian JC, Li TK (1994) Heritable

features of the auditory oddball event-related potential: peaks,

latencies, morphology and topography. Electroencephalogr Clin

Neurophysiol 92:115–125

Perry EK, Perry RH (1995) Acetylcholine and hallucinations: disease-

related compared to drug-induced alterations in human con-

sciousness. Brain Cogn 28:240–258

Polich J, Herbst KL (2000) P300 as a clinical assay: rationale, eval-

uation, and findings. Int J Psychophysiol 38:3–19

Polich J, Herbst KL (2001) P300 as a clinical assay: rationale, eval-

uation, and findings. Int J Psychophysiol 38:14–33

Porjesz B, Begleiter H (1998) Genetic basis of the event-related

potentials and their relationship to alcoholism and alcohol use.

J Clin Neurophysiol 15:44–57

Porjesz B, Rangaswamy M, Kamarajan C, Jones KA, Padmanabha-

pillai A, Begleiter H (2005) The utility of neurophysiological

markers in the study of alcoholism. Clin Neurophysiol 116:993–

1018

Porjesz B, Begleiter H, Wang K, Chorlian DB, Stimus AT, Kuperman

S, O’Connnor S, Rohrbaugh J, Bauer L, Edenberg H, Goate A,

Reich T, Almasy L (2002) Linkage and linkage disequilibrium

mapping of ERP and EEG phenotypes. Biol Psychol 61:229–248

Potter DD, Pickles CD, Roberts RC, Rugg MD (2000) Scopolamine

impairs memory performance and reduces frontal but not parietal

visual P3 amplitude. Biol Psychol 52:37–52

Quirion R, Wilson A, Rowe W, Aubert I, Richard J, Doods H, Parent

A, White N, Meaney MJ (1995) Facilitation of acetylcholine

release and cognitive performance by an M(2)-muscarinic

receptor antagonist in aged memory-impaired. J Neurosci

15:1455–1462

Rangaswamy M, Porjesz B, Ardekani BA, Choi SJ, Tanabe JL, Lim

KO, Begleiter H (2004) A functional MRI study of visual odd-

ball: evidence for frontoparietal dysfunction in subjects at risk

for alcoholism. Neuroimage 21:329–339

Reich T, Edenberg HJ, Goate A, Williams JT, Rice JP, Van Eer-

dewegh P, Foroud T, Hesselbrock V, Schuckit MA, Bucholz K,

Porjesz B, Li TK, Conneally PM, Nurnberger JI Jr, Tischfield

JA, Crowe RR, Cloninger CR, Wu W, Shears S, Carr K, Crose

C, Willig C, Begleiter H (1998) Genome-wide search for genes

affecting the risk for alcohol dependence. Am J Med Genet

81:207–215

Sarter M, Bruno JP (1999) Abnormal regulation of corticopetal

cholinergic neurons and impaired information processing in

neuropsychiatric disorders. Trends Neurosci 22:67–74

Behav Genet

123



Schurmann M, Basar-Eroglu C, Kolev V, Basar E (2001) Delta re-

sponses and cognitive processing: single trial evaluations of

human visual P300. Int J Psychophysiol 39:229–239

Seeger T, Fedorova I, Zheng F, Miyakawa T, Koustova E, Gomeza J,

Basile AS, Alzheimer C, Wess J (2004) M2 muscarinic acetyl-

choline receptor knock-out mice show deficits in behavioral

flexibility, working memory, and hippocampal plasticity.

J Neurosci 24:10117–10127

Stockwell RG, Mansinha L, Lowe RP (1996) Localization of the

complex spectrum: The S-transform. IEEE Trans Sig Proc

44:998–1001

Van Beijsterveldt CEM, Van Baal GCM (2002) Twin and family

studies of the human electroencephalogram: a review and a

meta-analysis. Biol Psychol 61:111–138

van der Stelt O, van der Molen M, Boudewijn Gunning W, Kok A

(2001) Neuroelectrical signs of selective attention to color in

boys with attention-deficit hyperactivity disorder. Brain Res

Cogn Brain Res 12:245–264

Verlerger RG (1988) Event-related potentials and cognition: a cri-

tique of the context updating hypothesis and an alternative

interpretation of P3. Behav Brain Sci 11:343–356

Vink JM, Boomsma DI (2002) Gene finding strategies. Biol Psychol

61:53–71

von Stein A, Sarnthein J (2000) Different frequencies for different

scales of cortical integration: from local gamma to long range

alpha/theta synchronization. Int J Psychophysiol 38:301–313

Wang JC, Hinrichs AL, Stock H, Budde J, Allen R, Bertelsen S,

Kwon JM, Wu W, Dick DM, Rice J, Jones K, Nurnberger JI Jr,

Tischfield J, Porjesz B, Edenberg HJ, Hesselbrock V, Crowe R,

Schuckit M, Begleiter H, Reich T, Goate AM, Bierut LJ (2004)

Evidence of common and specific genetic effects: association of

the muscarinic acetylcholine receptor M2 (CHRM2) gene with

alcohol dependence and major depressive syndrome. Hum Mol

Genet 13:1903–1911

Yeung N, Bogacz R, Holroyd CB, Cohen JD (2004) Detection of

synchronized oscillations in the electroencephalogram: an eval-

uation of methods. Psychophysiology 41:822–832

Yordanova J, Kolev V (1996) Brain theta response predicts P300

latency in children. Neuroreport 8:277–280

Zhang W, Basile AS, Gomeza J, Volpicelli LA, Levey AI, Wess J

(2002) Characterization of central inhibitory muscarinic autore-

ceptors by the use of muscarinic acetylcholine receptor knock-

out mice. J Neurosci 22:1709–1717

Zhou C, Fryer AD, Jacoby DB (2001) Structure of the human M2

muscarininc acetycholine receptor gene and its promoter. Gene

271:87–92

Behav Genet

123



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


