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Schizophrenia-Related Neuregulin-1 Single-Nucleotide Polymorphisms Lead to
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Neuregulin-1 (NRGI ) variations have been shown to mod-
ulate schizophrenia candidate endophenotypes related to
brain structure and function. The aim of this study was
to determine the effect of NRG1 on several oculomotor
schizophrenia endophenotypes. The effects of 5 core sin-
gle-nucleotide polymorphisms (SNPs) within the NRG1
gene to oculomotor parameters in a battery of oculomotor
tasks (saccade, antisaccade, smooth eye pursuit, fixation)
were investigated in a sample of 2243 young male military
conscripts. Additive regression models, bootstrap and per-
mutation techniques, were used as well as structural equa-
tion modeling and haplotype analysis. A deficit in global
smooth eye pursuit performance measured using the
root-mean-square error (RMSE) was related to the risk
allele of SNPS8NRG243177, and a deficit in global
smooth eye pursuit performance measured using the
saccade frequency was related with the risk allele of
SNPSNRG433E1006. Structural equation modeling con-
firmed a global effect of NRG1 genotype on smooth eye
pursuit performance using the RMSE, while the effect
on saccade frequency was not confirmed. Haplotype anal-
ysis further confirmed the prediction from the structural
equation modeling that a combination of alleles corre-
sponding to the Icelandic high-risk haplotype was related
to a deficit in global pursuit performance. NRG1 genotype
variations were related to smooth eye pursuit variations
both at the SNP level and at the haplotype level adding
to the validation of this gene as a candidate gene for the
disorder.
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Introduction

Several candidate genes have been investigated for asso-
ciation with schizophrenia. Neuregulin-1 (NRGI ), a gene
located in chromosome 8pl2-21, is one of the most
promising among them and subject of considerable re-
search since the original report of Stefansson et al' link-
ing NRGI1 to schizophrenia. Neuregulin is a protein that
has a crucial role in functions including neuronal growth,
myelination, migration, and synaptic plasticity.>* After
the initial report, a number of studies have been pub-
lished on the relationship between the NRGI1 gene and
schizophrenia, and their results are not consistent.
Some studies using both linkage and association con-
firmed Stefansson’s original finding,* ®while others failed
to replicate the original finding.” '

The reason for this inconsistency is thought to be the
polygenic and multifactorial etiology as well as the clin-
ical heterogeneity of the disorder. In order to deal with
these problems, contemporary research attention is di-
rected toward the use of endophenotypes, described by
some researchers as the “key to unlocking schizophre-
nia.”'>!? Schizophrenia endophenotypes as initially de-
fined by Gottesman and Gould'* are quantitative,
heritable, trait-related, laboratory-assessed deficits that
are identified in patients as well as their unaffected rela-
tives. The idea behind the use of endophenotypes is that
specific deficits are associated with specific protein
changes that are due to discrete genetic abnormalities.'”

A wide range of schizophrenia endophenotypes have
been evaluated, and their relationship with various can-
didate genes has been assessed, including structural and
functional brain abnormalities as well as sensory process-
ing and neurophysiological and neuropsychological
measures. Although recent studies have shown that var-
iations in NRG1 gene are linked to some of these endo-
phenotypes,'® 2’ no previous reports have associated this
gene to oculomotor dysfunction endophenotypes that are
among the most extensively studied candidate endophe-
notypes for schizophrenia.”!
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In the present study, we examined the possible associ-
ation of 5 NRGI1 gene single-nucleotide polymorphisms
(SNPs) that were identified in the core schizophrenia-
related haplotype originally reported by Stefansson
et al' with oculomotor endophenotypes in a large sample
of young Greek army conscripts (assessed in the Athens
Study for Psychosis Proneness and Incidence of Schizo-
phrenia, ASPIS). In previous studies, we have reported
on the relation of catechol-O-methyltransferase gene var-
iations to cognitive and psychological endophenotypes
from this sample.”* > In a recent study, we have also
reported on the effects of other schizophrenia candidate
genes including NRG1 on schizotypy and cognitive endo-
phenotypes in the ASPIS sample.'® Our aim in this study
was to investigate if NRG1 gene variations were related
to variations in oculomotor parameters thus validating
the role of NRGI1 as a schizophrenia candidate gene.

Participants and Methods

Participants

This study used the oculomotor dataset from the ASPIS
sample described in our previous studies.?® ! The ASPIS
sample consists of 2243 young male conscript subjects
aged 18-24 years who were recruited from the Greek
Air Force in the years 1998-2000. These individuals per-
formed a battery of eye movement tasks (smooth eye pur-
suit, saccade, antisaccade, visual fixation) and cognitive
tasks,? while they also completed questionnaires for a de-
tailed psychometric analysis.>> DNA has been extracted
from mouthwash provided by each individual.**> All data
from the ASPIS sample have been codified using a unique
number code for each subject, and the link to personal
identification of these subjects has been destroyed.

Eye Movement Measurement Apparatus and Task
Procedures

A detailed description of the apparatus for eye movement
measurements was presented in previous reports.>*° Eye
movements were recorded from the right eye only using
the IRIS SCALAR infrared device. A 12-bit A/D con-
verter was used for data acquisition (Advantech PC-
Lab Card 818L). Eye movement data were sampled at
600 Hz and stored in the PC hard disk for off-line
data processing.

The subjects performed the following tasks: smooth
eye pursuit,3 ! saccade,?® antisaccade,”®*® and 3 fixation
tasks (with no distracting stimuli, with distracting stimuli,
and fixation with no visual target®’). The detailed task
procedures are described in the Supplementary methods.

Eye Movement Parameters

The details for measuring the eye movement parameters
for each task are also described in the Supplementary
methods. For the smooth eye pursuit task, the root-
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mean-square error (RMSE) between the eye position
and the target position in the closed loop pursuit task
at each target speed (10°/s, 20°/s, and 30°/s) was measured
for each subject. The RMSE is a global measure of pur-
suit accuracy.>® The gain was also measured for each sub-
ject at each target speed that is the ratio of eye velocity to
target velocity. The gain is considered a specific measure
of the integrity of the pursuit system.>* Finally, the fre-
quency of saccades during pursuit was also measured for
each subject at each target speed. All types of saccades
occurring during smooth eye pursuit were pooled to-
gether for this measure that is also considered a global
measure of pursuit accuracy.>® In an effort to reduce
the number of oculomotor variables that would be tested
for their relation to the genotype variables in the original
exploratory analysis using the allele load regression
model, we extracted a single factor for each one of the
3 pursuit measures (RMSE, gain, saccade frequency).
Factor analysis is the standard statistical analysis to ex-
tract the common variance between different variables,
and the rational for its use was that if pursuit perfor-
mance was indeed related to genetic variability between
subjects this effect should be more pronounced by exclud-
ing other sources of variability such as the intrasubject
variability related to the different measures at different
speeds. The specific effects of target speed were then
assessed if the original analysis using the factor score
resulted in a significant effect. A principal component
analysis (performed using the STATISTICA 7.0 soft-
ware) was used to extract a single factor combining the
3 RMSE variables (one for each target speed). The factor
explained 70.7% of the common variance for the 3 var-
iables. The same analysis was performed for the 3 gain
variables (one for each target speed), and the factor
explained 72.1% of the common variance. Finally, a fac-
tor combining the 3 saccade frequency variables of
smooth eye pursuit explained 46% of the common vari-
ance. The 3 factor scores were used in the analysis instead
of the individual scores for each speed.

For the saccade and antisaccade tasks, the median la-
tency of saccades and antisaccades and the corresponding
coefficient of variation of this latency were also mea-
sured, for each subject, as described in the Supplementary
methods. For the saccade task, the amplitude gain was
also measured. The percentage of antisaccade errors,
the median latency and its coefficient of variation for er-
ror prosaccades, and the latency and its coefficient of var-
iation for correction antisaccades that followed an error
were also measured in the antisaccade task (Supplemen-
tary methods, see also Smyrnis*” for a detailed description
of these parameters).

Foreach of the 3 fixation tasks, the saccade frequency
was also measured for each subject at each 1 of the 3
fixation tasks (see Supplementary methods). These
3 variables were combined in one factor explaining
70.7% of their common variance. This factor was
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Table 1. Oculomotor Variables and Their Categorization

Oculomotor Variable N Mean (SD) Category
Smooth eye pursuit

RMSE 10°/s 1765 149 (94) —

RMSE 20°/s 1765 196 (109) —

RMSE 30°/s 1765 241 (125) —

RMSE factor 1765 — Positive

Gain 10°/s 1994 0.91 (0.16) —

Gain 20°/s 1994 0.86 (0.19) —

Gain 30°/s 1994 0.72 (0.24) —

Gain factor 1994 — Positive

Saccade frequency 10°/s 1765 1.72 (1.29) —

Saccade frequency 20°/s 1765 2.39 (1.43) —

Saccade frequency 30°/s 1765 3.27 (1.77) —

Saccade frequency factor 1765 — Positive
Saccade

Median latency 1078 177 (21) Negative

CV latency 1078 0.23 (0.08) Exploratory

Amplitude gain 1078 0.97 (0.21) Negative
Antisaccade

Error rate 2006 23.9% (17.6%) Positive

Median latency correct 2004 262 (39) Positive

CV latency correct 2004 0.25 (0.09) Exploratory

Median latency errors 1994 201 (38) Negative

CV latency errors 1994 0.27 (0.17) Exploratory

Median latency correction 1988 131 (56) Exploratory

CV latency correction 1988 1.03 (4.03) Exploratory
Fixation

Saccade frequency undistracted 1728 0.30 (0.35) —

Saccade frequency distracted 1810 0.39 (0.35) —

Saccade frequency no target 1831 0.52 (0.38) —

Saccade frequency factor 1515 — Positive

Note: RMSE, root-mean-square error; CV, coefficient of variation. RMSE measurements are in arbitrary units of AD converter
measuring eye movement and target movement signals; all saccade frequency measurements are in saccade number per second (Hz); all

median latencies and CV latencies are measured in milliseconds.

used in the analysis of the relation of fixation to the
SNPs instead of the saccade frequency separately for
each fixation task.

Table 1 presents all the oculomotor variables that were
measured in the ASPIS sample. We used the data from
the meta-analysis of Calkins et al** to categorize these
variables. The variables defined as positive were those
for which there was evidence for their heritability in
schizophrenia in the above-mentioned meta-analysis.
The variables defined as negative were those for which
there was evidence that they are not heritable in schizo-
phrenia in the same meta-analysis. All other variables for
which there is little evidence for their candidacy and they
were not included in the meta-analysis were defined as
exploratory.

DNA Extraction and Genotyping

Mouthwash samples for DNA extraction were chosen
as described previously?® to obtain a better procedure
acceptance rate. The following 5 SNPs were genotyped
for NRGI1: SNP8NRG221132, SNP8NRG221533,
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SNPENRG241930, SNP8NRG243177, and SNP8NR-
G433E1006 as described in our previous work.'®

All genotyping was performed blind to phenotype
measures.'® Genotyping for NRG1 was performed by
K-Biosciences (Herts, UK; http://www.kbioscience.
co.uk/) using a competitive allele-specific polymerase
chain reaction system.

The frequencies in the ASPIS sample of each one of the
5 SNPs that were genotyped were not significantly deviant
from Hardy-Weinberg equilibrium'® (and Supplementary
table 1).

Data Analysis

The major problem analyzing this dataset was the issue of
multiple comparisons in the interpretation of both posi-
tive and negative results. In order to address this issue,
we proceeded in the analysis in a step fashion. In the
first step, an exploratory analysis was used to identify sig-
nificant relations between each of the oculomotor varia-
bles and each of the SNPs. The exploratory analysis
used the allele load regression model. According to the
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classification of the oculomotor variables into positive,
negative, and exploratory, a valid outcome of this explor-
atory analysis should be to identify significant relations
only for positive and/or exploratory variables but not for
negative variables. The next step was to confirm the pos-
itive results of the exploratory analysis using 2 nonpara-
metric procedures, a bootstrap and a permutation test.
The next step involved another approach using a global
analysis of the data with structural equation modeling.
This analysis bypassed the multiple comparison issue. Fi-
nally, a haplotype analysis was performed to further val-
idate the result of the structural equation modeling.

Allele Load Model. The effect of each one of the 5
NRGI1 SNPs on each of the primary oculomotor varia-
bles was investigated using an allele load regression
model. The reason for selecting this model was based
on the sensitivity of this model at detecting significant
effects of NRG1 SNPs and phenotypic variables as dem-
onstrated in our previous study.'® In this model, a simple
linear regression was performed for each pair of SNP and
primary oculomotor variable (table 1). The SNP was the
independent predictor variable, and the oculomotor vari-
able was the dependent variable. According to the allele
load model, the SNP variable could take 1 of 3 values: 0 if
the rare allele was absent, 1 if 1 copy of the rare allele was
present, and 2 if 2 copies of the rare allele were present for
the particular individual. Thus, the regression model was
the following:

primary oculomotor variable=a + b x rare allele load,
(1)

where b was the coefficient of the allele load effect, and its
significance was tested by a ¢ test with significance level
set at 0.05.

Bootstrap and Permutation.  All significant effects in the
exploratory allele load regression analysis were con-
firmed using 2 nonparametric procedures, a bootstrap
and a permutation test.

Let us suppose that the allele load regression analysis
showed a significant ¢ test for the b of one particular SNP
and primary oculomotor variable. In the bootstrap pro-
cedure, a new sample with the same number of subjects
was drawn at random with replacement from the group
of individuals having 0 copies of the rare allele. The same
procedure was used to draw a new sample of individuals
having 1 copy of the rare allele and again for individuals
having 2 copies. This new bootstrap sample was then
used to run an allele load regression of the form shown
in formula 1, and the regression b coefficient was com-
puted. The bootstrap procedure was repeated for
1.000.000 times resulting in a distribution of bootstrap
b values. The percentile where b = 0 was computed on
this distribution. Let us suppose then that the allele
load regression b for the original data as was computed
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in model (1) was positive, and this percentile was lower
than the fifth percentile of the bootstrap distribution of b.
This would mean that the process of randomly resampling
the original populations of individuals with 0, 1, and 2
copies of the rare allele of the SNP would result by chance
in a relation with a regression b that would be 0 or lower
than 0 with a P value below .05. This is equivalent to a ¢
test testing the null hypothesis that the original regression
b value is significantly larger from 0 at the 0.05 level. In the
case where the original allele load regression b was nega-
tive, the 95th percentile was used as the cutoff in the dis-
tribution of bootstrap b.

In the permutation procedure, a new sample of the
same number of subjects was drawn by randomly shuf-
fling the data and assigning a new value of the oculomo-
tor variable to each subject. The result of this process was
that a random value of the oculomotor variable was
assigned to each original allele load value. Then, the
same regression model (1) as was used for the original
data was computed for the permutated data, and the
process was repeated 1.000.000 times to result in a permu-
tation distribution of b values. The percentile corre-
sponding to the original regression » was computed on
this distribution. Let us suppose then that the allele
load regression b for the original data was positive,
and this percentile was higher than the 95th percentile.
This would mean that the process of randomly shuffling
the original data would result by chance to a regression
with b equal to or higher than the original regression
b with a P value below .05. This is again equivalent to
a t test testing the null hypothesis that the original regres-
sion b value is significantly larger than 0 at the 0.05 level.
In the case where the original regression b would be neg-
ative, the fifth percentile of the permutation b distribution
was used as the cutoff.

Structural Equation Modeling. Structural equation
modeling was used to model the effects of the NRGI
SNPs on the smooth eye pursuit phenotype variables.
This analysis provides a tool for studying simultaneously
the effect of multiple independent variables on multiple
dependent variables using a set of assumptions for
how the 2 sets of variables are connected. Thus, this anal-
ysis bypasses the problem of multiple testing and the con-
sequent problem of adjusting significance levels. In order
to define the structural equation model, one has to iden-
tify the “exogenous” variables that are the independent
factors. The exogenous variables in turn affect the “en-
dogenous” variables that are the dependent variables.
We chose as exogenous variables the SNP allele loads
for all 5 NRG1 SNPs. These affected the endogenous var-
iables that were the oculomotor variables. The model also
allows the specification of “latent” variables that reflect
a conceptual reduction of measured variables, called
“manifest’ variables. Thus, for the exogenous manifest
SNP variables, this reduction led to the identification
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of a single latent genotype variable reflecting the variations
in all 5 NRG1 SNPs. The same reduction led to the iden-
tification of 3 endogenous latent oculomotor variables for
smooth eye pursuit namely the RMSE, gain, and saccade
frequency. Each endogenous latent variable reflected the
variation of the corresponding three manifest variables,
namely, the measurements at the 3 pursuit speeds. The
details for model application and the comparison of differ-
ent models are presented in the Supplementary methods
and Smyrnis et al.>®

Haplotype Analysis. The phase 2.1 software®~° was
used to derive haplotype estimates for each subject in
the ASPIS population. A set of the most common hap-
lotypes was defined in the population as those haplotypes
that exceeded the 5% frequency. Supplementary table 2
presents the frequencies for the most common haplotypes
in the ASPIS sample. Then, for each subject, we used the
best pair subset of haplotypes given as an output in phase
2.1 to derive an estimate of haplotype load (0, no copies
of the particular haplotype; 1, 1 copy; and 2: 2 copies) for
each one of the most common haplotypes. The effects of
a particular haplotype load on an oculomotor variable
were then tested using the following linear regression
model:

oculomotor variable=a + bxhaplotype load,  (2)

where b was the coefficient of the specific haplotype load
effect, and its significance was tested by a ¢ test with
significance level at 0.05.

Results

Allele Load Model and Bootstrap-Permutation Tests

The allele load regression analysis of the 5 SNPs on pos-
itive, negative, and exploratory oculomotor variables
resulted in 2 significant effects (Supplementary table 3
presents the resulting P values for all regressions per-
formed). The first was of SNPS8NRG243177on the
smooth eye pursuit RMSE factor score (B = —.06,
Fy 1500 = 5.14, P = .023). It should be noted that the
RMSE factor score was negatively correlated with the
score for each individual pursuit speed; thus, a negative
B in the regression indicates that the rare allele T of
SNP8NRG243177 is related to an increase in RMSE.
The effect was confirmed using both the bootstrap test
(P = .01) and the permutation test (P = .012). Further
analysis for each target speed separately showed that
the effect was significant at the low target speed of
10°/s (B=.053, F} 1500 =4.15, P=.041) and at the medium
target speed of 20°/s (f =.054, Fy 1500 =4.35, P=.037) but
not at the high target speed of 30°/s(B = .041, F} ;500 =
2.48, P =.11) (figure 1).

The second significant effect was of SNP8-
NRG433E1006 on the smooth eye pursuit saccade fre-

826

A 260
20f T
'
[ 1 '
20 : : :
. . '
200 '
g 180 :
Q 1 1 1
& 160 ; [::::i:::]
© 1 li’
\c2 . 1
o 140 I — ; '
%) ' '
@ '
X 120 i
1 1 1
100 !
80
. : '
60 ! e Lo--
.
40
C.C CT TT
B 340
320 -
300 s i
280 E f :
1 ' !
260 ' ! '
! :
o 240 ' i
3 ' :
B 220 ' ! |
S 200 ! —— Lo ]
w  —— i !
» 180 T !
b= ' ' |
& 160 ' : i
140 E ! :
120 E : E
100 ' ' :
' I S .
80 Rl
60
CC CT TT

Fig. 1. Plots Presenting the Modulation of the Mean Root-Mean-
Square Error (RMSE) (Small Boxes) = SEM (Large Boxes) and SDs
(Dotted Error Bars) of Smooth Eye Pursuit With the Allele
Variations of SNPENRG243177. The upper plot presents the
modulation of RMSE at 10°/s pursuit speed, and the lower plot
presents the modulation of RMSE at 20°/s pursuit speed.

quency (B = —.05, Fj 1500 = 4.6, P = .032). It should be
noted that the saccade frequency factor score was nega-
tively correlated with the score for each individual speed;
thus, a negative beta in the regression indicates that the
rare allele A of SNPSNRG433E1006 was related to an
increase in saccade frequency. The effect was significant
using both the bootstrap test (P = .016) and the permu-
tation test (P = .017). Further analysis for each target
speed separately showed that the effect was significant
at the low target speed of 10°/s (B = .05, Fj 1500 = 3.94,
P = .047) and at the medium target speed of 20°/s( =
.055, Fy 1500 = 4.78, P = .028) but not at the high target
speed of 30°/s(B = .001, F 1500 = 0.002, P = .96).

Structural Equation Modeling

In this analysis, we formulated a hypothesis of how ge-
netic variability was related to phenotype variability.
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Fig. 2. Path Diagram of the Structural Equation Model Describing the Relation of Neuregulin-1 (NRG1) and Smooth Eye Pursuit Global
Performance Variables. The exogenous manifest variables (squares) were the rare allele loads of the additive model for each SNP. These
variables loaded (arrows) on one exogenous latent variable (ellipse) named “NRG1.” The endogenous manifest variables (squares), namely,
the smooth pursuit root-mean-square error (RMSE) and saccade frequency (sac freq) variables for the 3 pursuit speeds (10°/s, 20°/s, and 30°/s)
also loaded (arrows) on 2 latent endogenous variables (ellipses) named “RMSE” and “‘sac freq.” Finally, the exogenous latent variable
“NRG1” loaded (arrows) on the 2 endogenous latent variables “RMSE” and “‘sac freq.”” The model also included residual variables for all
exogenous manifest variables (depicted as 6 1-5), residual variables for allendogenous manifest variables (depicted as € 1-7,) and disturbances
for allendogenous latent variables (depicted as { 1 and 2) that all loaded on their respective variable (small elliptic lines). Solid arrows indicate
significant factor estimates, while dotted arrows indicate nonsignificant factor estimates at the level of P = .05. The factor loading estimates
and their respective P values (in parentheses) are depicted with a number on the line.

Using the a priori information that only smooth eye pur-
suit phenotypes seemed to have a relation to NRGI1 ge-
notype variation, we tested 3 models. In all models, the
exogenous latent variable was the NRG1 genotype struc-
ture based on the measurement of the 5 SNPs. In the first
general model, all smooth eye pursuit performance var-
iables (RMSE for each target speed, saccade frequency
for each target speed and gain for each target speed, total
of 9 variables) were grouped together in one latent pur-
suit performance variable. In the second analytic model,
3 latent variables were formed: RMSE, saccade fre-
quency, and gain. Each latent variable loaded on the cor-
responding 3 variables for each target speed. Finally, in
the third specific model, 2 of the 3 latent variables of the
previous model were used based on the positive findings
of the SNP analysis, namely, the RMSE and the saccade
frequency.

The structural equation model estimation process con-
verged normally for all 3 models that were estimated. The
comparison of the 3 models (see Supplementary methods
and Supplementary table 4) showed that the specific
model was the one that provided the best fit to the
data in accordance with the prediction from the SNP
analysis. Figure 2 presents a diagram of the resulting spe-
cific model parameters and their level of significance. It
can be seen that all SNP exogenous variables loaded sig-
nificantly on the NRG1 genotype latent variable. Also,
the exogenous RMSE and saccade frequency variables
loaded significantly on their corresponding latent varia-
bles. Finally, the model showed that the relation of the

NRGI latent variable to the RMSE latent variable was
significant, while the relation of the NRGI to the saccade
frequency latent variable did not reach significance. An
even more specific relation of each SNP with the
RMSE in smooth eye pursuit can be defined by examining
the sign of the corresponding parameter values. We de-
fined the allele load for each SNP using the number of
rare alleles (see “‘Participants and Methods™). Thus, a neg-
ative parameter value in the model for a particular SNP
indicates that an increase in the RMSE is related to an
increase in the number of copies of the common allele.
The opposite is true for a positive parameter value,
namely, that an increase in the RMSE is related to an
increase in the number of copies of the rare allele.
Looking then at figure 2, one can conclude that an
increase in RMSE of smooth eye pursuit, indicating
worse pursuit performance, is related to the common
allele G of SNPSNRG221132, the rare allele C of SNP8-
NRG221533, the common allele G of SNPSNRG241930,
the rare allele T of SNPSNRG243177, and finally the
common allele G of SNPSNRG433E1006. A combination
of these alleles corresponds to the haplotype GCGTG.

Haplotype Analysis

Haplotype analysis was performed using all 5 SNPs (see
“Participants and Methods”). The GCGTC was the most
frequent haplotype in the ASPIS sample (Supplementary
table 2; Stefanis et al'®). The effect of this haplotype on
the factor score of the RMSE of pursuit was significant
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(B=—.05, F1,1857 = 5.26, P = .022), while the effect on the
factor of pursuit saccade frequency was not (f = —.002,
Fi 1655 = 0.08, P = .92). Because the factor score is
negatively correlated to individual RMSE scores, this
analysis confirmed the prediction from the structural
equation modeling, namely, that increasing GCGTC
haplotype load would be related to increasing RMSE cor-
responding to decreasing global pursuit performance
while it would have no significant effect on saccade
frequency in pursuit.

Discussion

The ASPIS sample provided a collection of oculomotor
variables measured in different tasks in a population of
apparently healthy young Greek army conscripts who
were also genotyped. Although limited by age and gen-
der, this sample could be thought of as representative
of the Greek population as far as genetic variation is con-
cerned.?? In this study, we used the ASPIS oculomotor
dataset to examine their relation to SNP variations in
NRGI.

A major methodological issue one faces in this analysis
is that of multiple comparisons among many different
SNPs and many different phenotypic variables leading
to the identification of false-positive results. We
addressed this issue both in terms of variable selection
methods and in terms of multiple steps in the analysis.

The selection of phenotypes was based on the catego-
rization of all oculomotor variables. We used a recent
meta-analysis that measured the heritability of several
eye movement parameters in different eye movement
tasks®* to define a set of 6 positive parameters (3 for
the smooth eye pursuit task, 2 for the antisaccade task,
and 1 for the 3 fixation tasks). Similarly, we defined
a set of 3 negative parameters (2 for the saccade task
and 1 for the antisaccade task) that were found to
have no heritability in schizophrenia. Finally, we defined
a third set of exploratory parameters for which no data
on heritability were available in the same meta-analysis.
The rational for this categorization was that a meaningful
relation of NRG1 genotype variations to schizophrenia-
related eye movement endophenotypes should be ob-
served for the positive variables and should be absent
for the negative variables. A relation observed for the ex-
ploratory variables would also not be considered as a pos-
itive finding but only as tentative relation bearing further
exploration.

The analysis proceeded in multiple steps. The first step
was an exploratory analysis using the allele load model.
Two SNPs were related to 2 positive variables measuring
smooth eye pursuit, while all other relations were not sig-
nificant as would be expected by our original categoriza-
tion of the oculomotor phenotypic variables. The first
positive relation was of the T load of SNPSNRG243177
to an increase in pursuit RMSE suggesting a deficient
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global pursuit performance. This relation is particularly
interesting considering the relevant literature both on the
particular SNP and on the particular phenotype.

SNP8NRG243177 was shown to be a functional poly-
morphism and the high risk T allele was related to higher
levels of type IV messenger RNA expression.”” It was also
shown that the rare T allele of this particular SNP was
correlated to decreased activation of frontal and tempo-
ral regions increased incidence of psychotic symptoms
and decreased premorbid IQ in a group of young individ-
uals at high risk for developing schizophrenia.'” In our
previous study,'® we showed that increased T load of
SNP8NRG243177 was associated with a decrease in per-
formance (measured using d’) in a spatial working mem-
ory task (n-back). In yet another study, the rare allele T of
this same SNP was associated with decreased white
matter density and connectivity in the anterior limb of
the internal capsule in healthy subjects.®® Finally,
Mata et al'® observed that the rare allele T of SNPS-
NRG243177 was related to an increase in the lateral
ventricular volume in patients with schizophrenia experi-
encing their first psychotic episode.

Let us now consider the RMSE phenotype. Since the
pioneer work of Diefendorf and Dodge® reporting ab-
normalities of the gaze movement patterns of the men-
tally ill, a deficit in global pursuit performance is the
most consistently replicated deficit in oculomotor func-
tion in schizophrenia.*** In the meta-analysis on herita-
bility of different oculomotor variables, global pursuit
performance was one of the most significant variables
showing a heritability effect size of 0.5.>* Among pursuit
indexes of performance, global indexes such as RMSE
have the most powerful effect at dissociating patients
with schizophrenia and their relatives from normal
control subjects.*!

The second effect that we observed was a positive re-
lation of G load of the SNPENRG433E1006 SNP to in-
creased saccade frequency in the smooth eye pursuit task.
In our previous study,'® we observed a significant effect
of this SNP on verbal working memory performance
(verbal n-back) as well as on sustained attention perfor-
mance (Continuous Performance Test, Identical Pairs
version). A problem with this SNP was the fact that G
homozygotes are extremely rare (only 4 subjects in our
ASPIS sample). Concerning the particular phenotype,
the pursuit saccade frequency is considered a global index
of pursuit performance that effectively dissociates
patients with schizophrenia from normal control sub-
jects.*! This index, though, showed a rather weak herita-
bility in the meta-analysis of Calkins et al** with an effect
size of 0.1. Furthermore, this variable exhibits large inter-
subject variability that may be due to the inclusion of dif-
ferent types of saccadic eye movements in its definition
and measurement.’”

The next step in the analysis was to confirm the results
of the exploratory allele load model regression analysis.



Because the B’s of the original regressions were very small
(explaining less than 1% of the common variance), the
possibility is raised that these are false-positive effects
that would disappear using a more stringent significance
criterion. We used 2 complementary nonparametric pro-
cedures to test the hypothesis that these small effects are
in fact random. The bootstrap test explores how probable
it would be to observe a smaller  from that observed in
the original analysis by randomly resampling the original
samples. The permutation test explores the complemen-
tary hypothesis, namely, how probable it would be to ob-
serve the same or larger f by randomly shuffling the
original sample. The results showed that the original
B’s would be observed by resampling and would not
be observed by randomly shuffling the original sample
with a P approaching .99 confirming the significance
of the relations.

In summary, then this analysis confirmed a positive as-
sociation of 2 SNPs within the core NRGT1 haplotype that
were related to variations in smooth eye pursuit global
performance. Although the a priori categorization of
the phenotypes and the use of bootstrap and permutation
to validate the significant effects were all efforts in the
direction of reducing the risk of random effects, the pos-
sibility remains that these significant effects were indeed
random due to the multiple comparisons performed.
Also, this multiple comparison analysis might possibly
miss a global relation between the set of genotype and
phenotype variables.

The next step in the analysis was structural equation
modeling.>® The 5 core SNPs of the NRGlwere used
to construct a latent genotype variable that in turn
was tested against latent phenotype variables that were
constructed from the oculomotor variables. Different
constructs of the pursuit performance variables were
tested, and the model that best described the data was
the one that included 2 phenotype pursuit latent varia-
bles, one combining the 3 RMSE variables and one com-
bining the 3 saccade frequency variables. The model
confirmed a significant effect of the latent genotype vari-
able on RMSE and a nonsignificant effect on saccade fre-
quency. The specific loadings of the 5 SNPs on the latent
genotype variable suggested that a combination of com-
mon and rare alleles that was identical to those described
in the core Icelandic haplotype by Stefansson et al
resulted in larger RMSE or equivalently to a deficit in
global pursuit performance in the ASPIS sample. It
should be noted here that the original haplotype also in-
cluded 2 microsatelites that were not included in this
study. In order to confirm this prediction, we performed
a haplotype analysis that showed that the particular Ice-
landic haplotype load in the ASPIS sample was related to
a significant increase in RMSE, while it had no effect on
pursuit saccade frequency. We believe that these results
are in favor of the use of structural equation modeling
as a powerful tool in association studies of SNPs to endo-

Neuregulin-1 Relation to Smooth Pursuit Deficit

Fig. 3. Schematic Representation of Different Types of the Relation
Between Clinical Phenotype (Black Hairline) and Endophenotypes
(Black Thick Lines) as Well as Genotype (Gray Thick Line) (See
“Discussion”).

phenotypes that can confirm a robust relation among the
2 sets of variables without the drawbacks of multiple
comparisons that can detect nonexisting relations or
miss important relations on a global scale.

This study used a large sample of apparently healthy
young men to test for a relation between a schizophrenia
candidate gene and specific schizophrenia endopheno-
types. The original definition of an endophenotype would
predict that the relation of the endophenotype and the
candidate gene should be stronger than that of the clinical
syndrome and the gene. This prediction is illustrated
graphically in figure 3A. The population having the clin-
ical syndrome is depicted with the black hairline ellipse.
Within this population is the population of patients who
have the endophenotype deficit (thick black line ellipse).
Finally, the population of individuals who have the spe-
cific allele variation is depicted with the thick gray line
circle. The relation depicted in this figure suggests that
the effect of the genotype is intensified in the subpopula-
tion of patients with a deficit of the endophenotype
variable. The results of this study as well as the results
of our previous study on the relation of cognitive endo-
phenotypes and NRG1'® are not in accordance with this
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Table 2. Pearson Correlation Coefficients for the Relation of
Cognitive to Smooth Eye Pursuit Phenotypes

CPT d" V-n-back d’ S-n-back d’
RMSE factor 0.06 0.13 0.05
Gain factor —0.03 —0.06 —0.02
Saccade frequency factor 0.02 0.07 0.04

Note: CPT, continuous performance test; RMSE, root-mean-
square error.

prediction. Although we observed significant relations,
their magnitude is very small in the order of magnitude
that is observed for the relation of the gene to the clinical
syndrome or even smaller. One potential problem with
figure 3A is the relation of the endophenotype to the clin-
ical syndrome. Not only it is known that not all patients
have a smooth eye pursuit deficit but it is also known that
this deficit is not encountered only in schizophrenia.
Thus, in a large population of apparently healthy individ-
uals, there could be individuals with a deficit in smooth
eye pursuit who are not related to the susceptibility to
schizophrenia. The relation then could be modified as
shown in figures 3B or 3C. In both figures, it is assumed
that the endophenotype is partly related to the clinical
syndrome. In figure 3B, the genotype is specifically re-
lated to the endophenotype, and through this relation
the relation to the clinical syndrome is mediated. This re-
lation though results to the same prediction as the rela-
tion in figure 3A, namely, a larger effect of the genotype
to the endophenotype than to the clinical syndrome. On
the other hand, the relation depicted in figure 3C predicts
that the genotype has multiple effects that are related
to the clinical syndrome one of which is also partly related
to the particular endophenotype. Thus, the relation of the
genotype to the particular endophenotype would actually
be smaller than the relation to the clinical syndrome. Fur-
thermore, it could be hypothesized that the particular ge-
notype has multiple effects in more than one domain of
cognitive function thus affecting multiple endopheno-
types as depicted in figure 3D. The different endopheno-
types would be related to the genotype and the clinical
syndrome. We tested this prediction using the data
from this and our previous study.'® The particular pre-
diction here was that the working memory endopheno-
type deficit and the smooth eye pursuit endophenotype
deficit that were related to NRG1 and also related to
schizophrenia would be different endophenotypes that
would not correlate strongly between them. Table 2 dem-
onstrates that the correlation coefficients for the correla-
tions between working memory and smooth eye pursuit
endophenotypes are very small. Most important, the sign
of these correlations is opposite to what would be
expected showing that better performance in working
memory tasks (larger d’ scores) was correlated to worse
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performance in smooth eye pursuit (lower gain, higher
RMSE, and higher saccade frequency). Thus, the relation
of deficit in smooth eye pursuit and the deficit in working
memory function to the NRG1 variations is not due to
a general covariation of these 2 measures in the popula-
tion. Indeed, it can be said that these results could be
viewed as predicting a very specific relation of these
2 phenotypes with the NRG1 phenotype and schizophre-
nia susceptibility as depicted in figure 3D. The prediction
from figure 3D would be that a high-risk group com-
bining deficits in independent endophenotypes
might show a strong relation to the NRG1 genotype
variations and schizophrenia susceptibility favoring the
hypothesis that this gene affects many independent func-
tional systems in the brain leading to schizophrenia
susceptibility.

In conclusion then, this study showed that NRGI
genotype variations were related to smooth eye pursuit
variations both at the SNP level and at the haplotype
level providing validation that this gene is a candidate
gene for the disorder.
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