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TLs Identified for P3 Amplitude in a Non-Clinical
ample: Importance of Neurodevelopmental and
eurotransmitter Genes

argaret J. Wright, Michelle Luciano, Narelle K. Hansell, Grant W. Montgomery, Gina M. Geffen,
nd Nicholas G. Martin

ackground: The P3(00) event-related potential is an index of processing capacity (P3 amplitude) and stimulus evaluation (P3 latency) as
ell as a phenotypic marker of various forms of psychopathology where P3 abnormalities have been reported.

ethods: A genome-wide linkage scan of 400 –761 autosomal markers, at an average spacing of 5–10 centimorgans (cM), was completed
n 647 twins/siblings (306 families mostly comprising dizygotic twins), mean age 16.3, range 15.4 –20.1 years, for whom P3 amplitude and
atency data were available.

esults: Significant linkage for P3 amplitude was observed on chromosome 7q for the central recording site (logarithm-of-odds [LOD] �
.88, p � .00002) and in the same region for both frontal (LOD � 2.19, p � .0015) and parietal (LOD � 1.67, p � .0053) sites, with multivariate
nalysis also identifying linkage in this region (LOD � 2.14, p � .0017). Suggestive linkage was also identified on 6p (LODmax � 2.49) and 12q
LODmax � 2.24), with other promising regions identified on 9q (LODmax � 2.14) and 10p (LODmax � 2.18). Less striking were the results for
3 latency; LOD � 1.5 were found on chromosomes 1q, 9q, 10q, 12q, and 19p.

onclusions: This is a first step in the identification of genes for normal variation in the P3. Loci identified here for P3 amplitude suggest the
ossible importance of neurodevelopmental genes in addition to those influencing neurotransmitters, fitting with the evidence that P3

mplitude is sensitive to diverse types of brain abnormalities.
ey Words: Linkage analysis, neurodevelopmental genes, neuro-
ransmitter genes, P3 amplitude, P3 latency, twins

he P3(00), a prominent event-related potential (ERP) com-
ponent, is a well studied correlate of brain function and, in
particular, attentional capacity and stimulus evaluation. A

arger P3 amplitude is associated with greater memory perfor-
ance, with amplitude proportional to the amount of attentional

esources that are employed in a given task, and a faster P3
atency is associated with enhanced cognitive performance, due
o increased capacity to allocate and maintain attention (e.g.,
–4). Individual differences in the P3 have been associated with
ifferences in performance, but the association seems dependent
n the task, with processing requirements influencing the precise
elationship (e.g., 5). Both P3 amplitude and latency are sensitive
o diverse types of brain abnormalities, consistent with P3
ndexing information processing. A reduced P3 amplitude is
ound in several psychiatric disorders, in particular schizophrenia
e.g., 6) and alcoholism (e.g., 7), but also related traits (e.g.,
–11). Additionally, P3 amplitude is attenuated in children with
reading disability (12), dyslexia (e.g., 13), and in various

evelopmental disorders (e.g., 14). In Alzheimer’s disease there
ight be both a reduction in P3 amplitude and an increase in P3

atency (e.g., 15,16).
In parallel to the clinical studies is the finding of an attenua-

ion in P3 amplitude and to a lesser extent increase in P3 latency,
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in the biological well-relatives of patients with a psychiatric
disorder. One of the most replicated is that of a reduced P3 in
preadolescent boys (but also girls), with a family history of
alcoholism, relative to children without such a family history
(e.g., 17,18). This is thought to reflect a genetic predisposition to
develop alcohol dependence as well as for related traits (e.g.,
19,20). A reduction in P3 amplitude is also consistently found in
both the full siblings and offspring of patients with schizophrenia
(e.g., 21), and recently both a reduced P3 amplitude and
increased P3 latency was found in adults with a family history of
Alzheimer’s disease (22). Because P3 amplitude and latency are
neurobiological correlates and therefore closer to gene action
and reflect a genetic predisposition rather than a clinical end
point/diagnosis, it has been proposed that they might be useful
endophenotypes and assist in the identification of susceptibility
genes for developing a psychiatric disorder (23–25). Indeed, twin
and family studies confirm that a substantial amount of the
variation in P3 amplitude is due to genetic factors, with herita-
bility estimates ranging from 39% to 79% (26–32) and a meta-
analysis reporting a heritability of 60% (33). P3 latency is also
moderately heritable, although heritability estimates (44%–50%)
are somewhat less than that found for P3 amplitude (29,32). In
addition, although genes influencing P3 amplitude might medi-
ate only a small part of the genetic variance in task performance,
genes might account for a large part of the covariation between
P3 latency and performance (5).

The COGA (Collaborative study on the Genetics of Alcohol-
ism) has shown reasonably strong evidence for linkage for P3
amplitude on chromosomes 2, 5, 6, 13, and 17 (34–37). Linkage
was also identified on chromosome 7 for delta and theta
event-related oscillations underlying P3 amplitude and an asso-
ciation found with CHRM2 (38,39). The COGA study also iden-
tified a locus on chromosome 4 that influenced both P3 ampli-
tude and the risk of alcoholism (40), and a locus on chromosome

12 was detected in alcoholics with low P3 amplitude (41).
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dditionally, three studies have looked for an association be-
ween COMT and both P3 amplitude and latency; two were
ositive (42,43); the more recent reported no association (44).
urthermore, there is evidence for an association between P3
nd DRD3 (chromosome 3) in healthy individuals (45) and DRD2
chromosome 11) in children at risk for alcoholism (46,47). The
nly finding in schizophrenia is an association between P3
mplitude and DISC1 (chromosome 1) (48).

Given that variants of a gene might influence brain/cognitive
unction in both the normal and abnormal range, the present
tudy aimed to further our knowledge of specific genetic contri-
utions to P3 activity by identifying loci for both P3 amplitude
nd latency. The P3 was elicited in a delayed response working
emory task that required focused attention and the manipula-

ion and storage of the location of a target stimulus in working
emory. Cognitive demands are higher than those of the classi-

al oddball task, which requires minimal effort to achieve perfect
erformance. With a genome-wide linkage scan in a sample of
ealthy adolescent twins, we performed both univariate and
ultivariate sib-pair linkage analysis. This represents the first
enomewide screen for P3 amplitude in a non-clinical sample
nd the very first for P3 latency.

ethods and Materials

articipants
The sample included 306 families consisting of 227 dizygotic

win pairs (183: 0 singleton siblings; 44: 1–3 singleton siblings),
3 monozygotic pairs (8: 0 siblings; 25: 1–2 siblings), 9 sib-pairs,
nd 37 single twins/non-paired singletons, for which both the P3
henotypes and linkage scan were available. Mean age at time of
3 data collection was 16.3 (� .49), range 15.4–20.1 years.
amilies were part of a larger sample participating in an ongoing
tudy of cognition (49) and for which P3 data were collected on
34 families. Of those registered for the cognition study, 6% of
amilies were excluded, because one of the co-twins had a history
f head injury, a vision impairment, neurological or psychiatric
ondition, or substance abuse/dependence, as described previ-
usly (e.g., 32,50–52). All provided written informed consent,
nd the study was approved by the Queensland Institute of
edical Research Human Research Ethics Committee.

3 Amplitude and Latency Phenotypes
The P3 component was elicited in a delayed response work-

ng memory task, which has been described previously (32).
riefly, participants focus on a central small black fixation spot
nd used their peripheral vision to note the location of a target
soccer ball” that was flashed briefly (150 msec) on the screen,
50 msec after fixation onset. At the end of a short delay (1 or 4
ec), signaled by the disappearance of the fixation spot, partici-
ants show they remembered the location of the soccer ball by
ouching the position on the touch sensitive screen. Randomly
nterspersed with the memory trials were an equal number of
ensory trials in which the peripheral target remained present
hroughout the delay and response interval. On 50% of trials, a
istractor identical to the target was briefly (150 msec) presented
eripherally, 300–700 msec after target onset.

Electrophysiological recordings, with an ECI-Electrocap (Eaton,
hio), were from 15 sites (Fp1, Fp2, F7, F3, Fz, F4, F8, C3, Cz, C4,
3, Pz, P4, O1, O2) referenced to linked ears, and an electroocu-
ogram recorded from the supra-orbital ridge and the outer
anthus of the left eye. Impedances were below 5 Kohms,

lectroencephalogram (EEG) signals were band-pass filtered
(.01–100 Hz), amplified, and sampled at 500 Hz. The ERPs were
derived from correct trials without excessive artifact or eye
movements (over 50 uV RMS) and with eyeblinks removed (53).
Trials were averaged with a pre-target baseline of 350 msec and
collapsed over trial type (mean 280 trials). Memory and sensory
trials are indistinguishable for the first 150 msec and can only be
discriminated either when the target has been extinguished
(memory) or when it is estimated that the target has been on
longer than 150 msec (sensory). Analyses of 50 pairs showed no
difference in either P3 amplitude or latency for memory and
sensory trials, suggesting that the cognitive demands and stimu-
lus salience in the two trials are the same at this point, in which
the location of the target is perceived, visuospatial information is
encoded, and attention is maintained centrally in anticipation of
responding. Figure 1 shows the grand mean waveforms for
memory and sensory trials.

Averaged waveforms were digitally filtered with a low-pass
triangular filter (5 Hz), and a program was used to locate the
largest positive peak within the latency window 150–450 msec
after target. The P3 latency was defined as the time point of
maximum positive peak amplitude. The P3 amplitude was
measured as the average amplitude in the 150–450-msec win-
dow relative to a 350-msec pre-target baseline. This measure was
adopted because some waveforms were above the baseline (i.e.,
in the negative region), so that it was not possible to get a valid
peak amplitude measure. For a sub-sample of 50 pairs the
correlation between peak and average amplitudes was shown to
be � .92. A mean P3 (average) amplitude and P3 latency for

Figure 1. Grand mean waveforms for memory (solid line) and sensory (light
line) trials are shown for 15 sites. The vertical bars represent target onset (0
msec), target offset in memory trials (150 msec), and fixation offset (1100

msec) for trials with a 1-sec delay.

www.sobp.org/journal
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rontal, central, and parietal regions was computed by averaging
cross the respective midline and lateral sites.

enotyping
Zygosity was established by typing nine independent DNA

icrosatellite polymorphisms (polymorphism information con-
ent [PIC] � .7; AmpF1STR Profiler Plus Amplification Kit, ABI,
oster City, California), cross- checked with phenotypes (54).
wo separate scans, one by the Australian Genome Research
acility, Melbourne, and a second by the Center for Inherited
isease Research, Baltimore, were combined, resulting in 761
ighly polymorphic autosomal microsatellite markers (average
eterozygosity 78% [range 52.6%–91.9%], mean information con-
ent 77%, average inter-marker distance 4.8 centimorgans [cM]).
arkers on the X chromosome were also typed, but linkage to

hese is not reported. Genotyping were checked for errors as
escribed previously (55). Number of typed markers ranged from
49 to 756 (mean 613 � 174 SD). Location of the markers was
etermined from the gender-averaged deCODE map (56,57).
arker positions were converted from Kosambi (cM) to Haldane

cM) for use in analyses but were subsequently transformed back
o Kosambi units.

inkage Analyses
Linkage analysis was performed with variance components

VC) multipoint linkage methods with the software package MX
58), with gender and age as covariates, but neither proved to be
ignificant. The VC approach involves partitioning the variance
f the trait into components due to a gene (QTL) at a particular
ocation, a polygenic component that also contains the shared
ibling environmental effects, and unique (non-shared) environ-
ental effects. The QTL effect is estimated with the probabilities

hat sibling pairs share none, one, or both their genes at that
ocus identical by descent (IBD). Multipoint IBD scores were
alculated at each marker locus for each twin/sib pair with Merlin
59). Availability of phenotypic information from monozygotic
wins enabled the partitioning of the familial resemblance into
eparate variance components due to additive genetic (A) and
ommon (C) environmental sources of variation.

Univariate linkage analyses were performed at each marker
or P3 amplitude for each of the three brain regions (frontal,
entral, parietal) and similarly for P3 latency. The null hypothesis
hat additive genetic variance in P3 amplitude or P3 latency
aused by a QTL linked to a given marker is zero was tested at
ach marker by comparing the likelihood of a reduced model in
hich the QTL was constrained to zero with the likelihood of a
odel in which the additive variance due to the QTL was

stimated. The QTL linkage is present if omission of the QTL
rom the model causes a significant worsening of fit as evidenced
y the �2 change. This produces a logarithm-of-odds (LOD �
2/4.6) score that is compatible with the parametric linkage
nalysis index.

Given the moderate-to-strong correlation among recording
ites (amplitude: .56–.89; latency: .83–.98), multivariate link-
ge modeling was also used, because simultaneous estimation
f linkage in multiple related measures might increase the
ower for QTL detection and provide clarification of the
attern of QTL influence compared with analyzing correlated
easures separately (60–62). Trivariate linkage analyses

Multiv-1) of P3 amplitude at frontal, central, and parietal sites
nd P3 latency at frontal, central, and parietal sites was carried
ut. In multivariate models, the effect of the QTL is specified

s a general factor with factor loadings on each measure free

ww.sobp.org/journal
to vary, and each individual QTL effect is tested with the drop
�2 test. If the fit is not significantly decreased by removing the
parameter, then it can be dropped from the model; but if the
fit is significantly worse this indicates that the parameter is
contributing to the multivariate evidence for linkage. This
resultant �2 distribution is a mixture of �2 random variables
(63), but one can conservatively use the �2 with the higher
degrees of freedom. Therefore, in addition we tested whether
the three QTL parameters could be equated, evaluating this
model against the full model and a �2 distribution with two
degrees of freedom. From this reduced model, we then tested
whether the (equated) QTL could be dropped (reported in the
following text as Multiv-II), with the test statistic distributed
exactly as in the univariate case (60). Lander and Kruglyak’s
(64) criteria for linkage were adopted, with significance
defined as a LOD score exceeding 3.6, suggestive linkage for
LOD scores exceeding 2.2, and with replication defined as
1.44.

Results

Genome scan results for P3 amplitude and P3 latency are
shown in Figures 2 and 3, respectively (displayed as p values so
that the first multivariate test [Multiv-I] can be directly compared
with the univariate tests). Univariate analyses for P3 amplitude
yielded significant linkage on chromosome 7q (peak marker
D7S2204) for the central measure (LOD � 3.88, p � .000024),
with a trait specific QTL heritability of 22%. In the same region a
linkage peak, albeit at a more modest level of significance, was
found for both frontal (LOD � 2.19, p � .00150) and parietal
(LOD � 1.69, p � .00533) measures. There was also suggestive
linkage for P3 amplitude for the parietal measure on chromo-
somes 6p at marker D6S1610 (LOD � 2.49, p � .000705) and 12q
at marker D12S1045 (LOD � 2.24, p � .00133), although there
was little evidence for linkage for these chromosomal regions for
frontal and central measures. In addition, linkage signals with
LOD � 1.5 and showing some consistency across sites were
found on chromosomes 9 (frontal: LOD � 1.76, p � .00441;
central: LOD � 2.14, p � .00173) and 10 (frontal: LOD � 1.50,
p � .00854; central: LOD � 2.18, p � .00153; parietal: LOD �
1.21, p � .0184) at markers D9S158 and D10S547, respectively, as
well as a further linkage signal at a second region on chromo-
some 6 at marker D6S470 for the parietal measure (LOD � 1.88,
p � .00328).

Although both the first (Multiv-I) and second (Multiv-II)
multivariate tests yielded decreased levels of significance, as can
be seen from the multivariate plots (Figure 2), overall they
provided further support for linkage at regions identified in the
univariate analyses. Linkage signals with p values � .01 for the
first multivariate test were found on both chromosomes 6 and 9,
in the same regions as those identified in the univariate tests.
Frontal (� �1

2 � 11.59, p � .0007), central (� �1
2 � 13.48, p �

.0002), and parietal (� �1
2 � 6.85, p � .009) measures contributed

significantly to the multivariate linkage on chromosome 9 at the
5% level, as assessed by a change in �2 when each is dropped
from the model. On chromosome 6, although both central (� �1

2

� 10.04, p � .002) and parietal (� �1
2 � 11.57, p � .0007)

measures contributed significantly to the multivariate linkage, the
frontal measure did not (� �1

2 � 3.40, p � .05). Co-incident
linkage signals were found on chromosomes 7 (LOD � 2.14, p �
.00168), 9 (LOD � 1.11, p � .0237), 10 (LOD � 1.61, p � .00644),
and 12 (LOD � 1.30, p � .0146), for the second multivariate test.

The difference in �2 between the full multivariate model and the
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odel where the QTL factor loadings were equated was not
ignificant on chromosomes 7 (� �1

2 � .39, p � .8), 10 (� �1
2 �

.47, p � .48), and 12 (� �1
2 � 3.95, p � .14), indicating that the

TL was responsible for similar amounts of variation in the three
easures. On chromosome 9 the QTL factor could not be

quated (� �1
2 � 8.50, p � .01). Table 1 lists the chromosome,

eak marker, and marker location with LOD scores � 1.5 for P3
mplitude for the univariate and multivariate tests. Figure 4
hows univariate measures and the second multivariate test
easure superimposed for each of chromosomes 6, 7, 9, 10, and

2 separately, plotted as LOD scores.
The P3 latency results were less striking in that linkage signals

ere small overall, and no significant or suggestive linkage
ignals were found in any of the univariate or multivariate tests
Figure 3). However, several regions with a LOD score � 1.5
ere identified on chromosomes 1, 3, 4, 9, 10, 11, 12, 17, and 19.
able 2 highlights these genomic regions for all measures of P3

atency. Although often only one of the univariate measures

igure 2. Univariate (frontal, central, parietal) and multivariate (multiv 1,
ultiv 2) linkage plots for P3 amplitude. The x-axis shows the chromosome

umber, and p values are shown on the y-axis.
frontal, central, or parietal) reached a LOD � 1.5, smaller (i.e.,
LOD � 1) co-incident peaks were evident for the other measures
and/or the multivariate tests (Table 2).

Discussion

Here we describe the first genomewide screen for P3 ampli-
tude and latency in a non-clinical sample of sib-pairs. We
identified a novel locus for P3 amplitude on chromosome 7q.
There was also suggestive evidence for P3 amplitude loci on 6p
and 12q as well as promising loci identified on 9q and 10p. In
contrast, evidence for linkage for P3 latency was less compelling,
with no peaks reaching either the significant or suggestive level;
so these must await independent replication.

A single region on chromosome 7q revealed significant
linkage for the central measure for P3 amplitude at marker
D7S2204, with supporting evidence from the strongly overlap-
ping linkage peaks in the univariate analysis for both the frontal
and parietal measures as well as both multivariate analyses. We
(32) and others (29–31) have found that genetic correlations for
P3 amplitude among parietal, central, and frontal sites are high,

Figure 3. Univariate (frontal, central, parietal) and multivariate (multiv 1,
multiv 2) linkage plots for P3 latency. The x-axis shows the chromosome

number, and p values are shown on the y-axis.

www.sobp.org/journal
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ndicating substantial but not complete overlap in the genes
nfluencing P3 amplitude at these sites. As much as one-third of
he genetic variance in P3 amplitude at frontal sites was attribut-
ble to a common genetic factor influencing the variance in P3
mplitude at parietal and central sites, suggesting a common set
f genes influencing P3 amplitude (29,32). Because the P3
mplitude measures across frontal, central, and parietal sites are
ot independent, the identification of a common linkage region
cross measures does not formally constitute replication but
ndicates to some extent the robustness of the results with respect
o measurement error.

Although the region on chromosome 7q was at a somewhat
ifferent location as that previously identified for P3 amplitude
y COGA (37,39), there is evidence for linkage to externalizing
sychopathology, as defined by a composite index of symptoms
f alcohol dependence, other drug dependence, conduct disor-
er, and adult antisocial behavior, to a region on 7q in the COGA
ample very close to the region identified here (65). The genomic
egion 7q11.23–7q21 contains a number of genes that influence
rain development and hence might influence variation in P3
mplitude both in the normal range as well as reduction in P3 in
arious disorders. This includes the HSP27 gene, which contrib-
tes to the control of cell migration, with expression regulated
ifferentially during development (66). Importantly, HSP27 might
lay a role in the cognitive features of the congenital develop-
ental disorder Williams-Beuren syndrome (WS) and by infer-

nce in normal cognitive development (67). Furthermore, the
erebellar atrophy and microcephaly (CLAM) locus at 7q11-21
as recently identified in a family with a novel form of ponto-

erebellar hypoplasia (68), with candidate genes including Caln1

able 1. Chromosomal Regions with LOD Scores � 1.5 for P3 Amplitude

hromosome Measure Peak Marker Position (a)
Peak
LOD p

6 Parietal D6S470 23.75 1.88 .003
Multiv I — .031a

6 Parietal D6S1610 58.21 2.49b .0007b

Multiv I — .009
7 Frontal D7S502 80.12 2.19 .002

Central D7S2204 90.15 3.88b .00002b

Parietal 1.69 .005
Multiv I — .014a

Multiv II D7S502 2.14 .002
9 Frontal D9S158 158.64 1.76 .005

Central 2.14 .002
Multiv I D9S1838 159.36 — .003
Multiv II D9S158 1.11a .024a

10 Frontal D10S547 27.79 1.50 .009
Central 2.18 .002
Parietal D10S2325 31.07 1.21a .018a

Multiv I D10S547 — .031a

Multiv II 1.61 .006
12 Parietal D12S1045 163.70 2.24b .001b

Multiv I — .021a

Multiv II 1.30a .015a

a, Distance of marker (in Kosambi cM) from the most p-telomeric ge-
ome-scan marker of the respective chromosome.

aCo-incident peaks with smaller signal (LOD � 1) at the same or a nearby
arker.

bPeak logarithm-of-odds (LOD) scores and p values for a LOD � 2.2 and
value � .001.
nd FZD9, both of which are involved in early development of

ww.sobp.org/journal
the central nervous system (CNS), and could potentially influ-
ence normal brain development (69,70).

Neurotransmitter genes are also strong candidates. The GRM3
maps to 7q21.1-q21.2 (71) and is of interest because glutamine,
the major excitatory neurotransmitter in the CNS, is primarily
involved in the generation of the P3 (72,73). The GRM3 receptors
are important in regulating synaptic glutamate and are expressed
in neurons and glia (74), and glutamatergic function can be
perturbed in several neurodegenerative and psychiatric disor-
ders. In healthy individuals GRM3 has been associated with both
cognitive functioning (75,76) and episodic memory-related brain
activations (75).

The two regions of “suggestive” linkage were on 6p and 12q,
for the parietal measure. Although for both signals there was less
evidence of linkage for the frontal and central measures in the
univariate analyses, in the multivariate analyses both central and
parietal measures contributed to linkage at 6p; and frontal,
central, and parietal QTLs could be equated at 12q. The linkage
region identified on 6p is close to the broad region (6p22.3-
6p21.3) implicated in numerous studies in reading disability and
dyslexia (77–84), with P3 amplitude being attenuated in children
with a reading disability (12) and dyslexia (e.g., 13). Schizophre-
nia has also been linked to the 6p24-p21 region (85–92), with the
best supported association found for DTNBP1 (93,94). Other
genes of interest in the region include: GABBR1, implicated in a
host of neurological disorders and shown to play a role in the
synchronization of EEG oscillations (95); NOTCH4, which influ-
ences numerous aspects of CNS development (96) and is corre-
lated with both frontal lobe grey matter volume and cognitive
performance (97); and SSADH, associated with both cognitive
ability (98) and reading disability (79).

Similarly, the 12q locus for P3 amplitude is in close proximity
to another risk locus (12q22-24) for several psychiatric disorders
(e.g., 41,86,99,100). With respect to alcohol abuse, the 12q locus
was detected in alcoholics with low P3 amplitude (41). Candidate
genes in the region of relevance to P3 amplitude include DAO
and NOS1, because both have been associated with neuropsy-
chiatric disorders (101–103) and/or found to modulate both P3
amplitude and latency and neuropsychological measures (102).

The linkage signals for P3 amplitude identified on chromo-
somes 9 and 10 for the central measure had LOD (2.14 and 2.18,
respectively) just falling below the suggestive level, with co-
incident peaks also found for other measures. The region 9q34.3
was recently identified in a consanguineous pedigree with a
novel autosomal recessive disorder and clinical features includ-
ing microcephaly and mental retardation (104). Additionally the
region includes the NOTCH1 gene, and GRIN1, which has been
associated with several psychiatric disorders (e.g., 105–107). The
region on 10p14 was previously linked to slow wave amplitude,
albeit in the same sample (108), and P3 amplitude and slow wave
are moderately correlated (109). Interestingly, a locus at 10p13
has been identified as a susceptibility locus for Alzheimer’s
disease (110–112). Reduced amplitudes and prolonged latencies
of P3 in dementia are thought to be due to alterations in
cholinergic neurotransmission, acetylcholine being an important
modulator of P3 activity (72).

The results presented for P3 latency represent the first
genomewide scan for this phenotype. Results were inconsistent
across the three univariate measures, albeit some stability was
identified on chromosomes 1 and 9. This was a little surprising,
because genetic correlations for P3 latency across sites are high
(29,32). A comparison across the linkage regions identified for

amplitude and latency shows that none were coincident,
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uggesting that the genes—at least those with the larger effect
ize—for amplitude and latency are to some extent specific.
lso, the linkage signals for latency were lower than those for
mplitude, perhaps indicating that P3 latency is a more
omplex trait than P3 amplitude and thus the phenotypic
ffect attributable to individual loci influencing variation is

maller.
Finally, it must be noted that the results of this study should be
interpreted cautiously, given the use of a visuospatial working
memory task to elicit the P3 rather than a classical oddball task.
Although a clear P3 component was elicited by a target that was
both attended and task relevant, it is not known to what extent
the parameters that underlie this visuospatial P3 component are

Figure 4. Comparison of the univariate (fron-
tal, central, parietal) and multivariate (multiv 2)
linkage plots for P3 amplitude on chromo-
somes 7q, 6p, 12q, 9q, and 10p. The x-axis indi-
cates position of markers along the chromo-
some number, and logarithm-of-odds (LOD)
values are shown on the y-axis.
comparable to an oddball P3, so that the QTLs identified here
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ight be task specific. Also left unanswered is the relevance of
he linkage results reported to previous studies of alcoholism and
sychopathology that have used the P3 elicited in the oddball
ask. However, we note the concordance in our findings with
revious studies that have identified linkage signals and/or
andidate genes in the same or proximal chromosomal regions in
arious clinical populations and for which there is strong evi-
ence for a reduced P3 amplitude. But given that P3 amplitude is
ensitive to diverse types of brain abnormalities, comparisons of
enetic P3 amplitude across different samples are needed to help
lucidate whether variation in genes in some regions, associated
ith the P3, are specific to one disorder and whether genes in
ther regions have multiple effects (e.g., pleiotropy) and/or act
n concert with other genes and/or experimental factors (epista-
is or gene–environment interaction). It is also possible that
ome genes influencing P3 amplitude might contribute specifi-
ally to clinical diagnosis without influencing the normal gener-
tion of P3 amplitude.
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able 2. Chromosomal Regions with LOD Scores � 1.5 for P3 Latency

hromosome Measure Peak Marker Position (a) Peak LOD p

1 Frontal D1S2836 271.84 1.04a .028a

Central 1.64 .006
Parietal 1.24a .017a

Multiv II 1.14a .022a

3b Parietal D3S1300 82.22 1.52 .008
4 Frontal D4S2368 162.47 1.04a .032a

Central 1.64 .006
Parietal 1.24a .021a

Multiv I — .029a

Multiv II 1.14a .027a

4 Central D4S426 202.69 1.82 .004
9 Frontal D9S273 66.75 1.82 .004

Central D9S175 70.64 1.07a .023a

Multiv I — .017a

Multiv II 1.61 .007
10 Central D10S1693 138.39 1.80 .004

Multiv II 1.06a .027a

11 Parietal D11S937 83.73 1.79 .004
12 Frontal D12S392 167.68 1.69 .005

Multiv I — .009
17 Parietal D17S785 115.34 1.70 .005
19 Frontal D19S591 9.73 1.79 .004

Central 1.16a .021a

a, Distance of marker (in Kosambi cM) from the most p-telomeric ge-
ome-scan marker of the respective chromosome.

aCo-incident peaks with smaller signals (logarithm-of-odds [LOD] � 1) at
he same or a nearby marker.

bAdditional small linkage peak (1 � LOD � 1.5) on chromosome 3 at
arker D3S3681, 107.43 cM, (central: LOD � 1.06, p � .028; parietal: LOD �

.48, p � .009; Multiv II: LOD � 1.03, p � .029).
elated directly or indirectly to the work.
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