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tube and coagulation procedures were consistent between
patients to minimize the influence of differences in sam-
pling conditions (see “Materials and methods”). Human
serum samples from healthy volunteers contained Ig-NRG-
LI with concentrations ranging from 0.4 to 14.0 ng/mL
(Fig. 2). The concentrations in healthy women samples
(mean 8.02 £ 1.33 ng/mL) were significantly higher than
those in men (mean 5.61 = 0.91 ng/mL, P = 0.048). Two-
way ANOVA using subject factors of diagnosis (patient vs.
control) and gender (men vs. women) revealed main effects
for both diagnosis (F(; 95y = 11.50; P = 0.001) and gender
(Fa.95) = 9.23; P = 0.003) without an interaction between
these two factors (F(j9s) = 0.24; P =0.627). Mean
Ig-NRG1 immunoreactivity in the schizophrenia group was
63.2% of the mean level observed in the control group.
Mean Ig-NRG1 immunoreactivity in the women’s group
was 147.1% of that detected in the men’s group.
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Fig. 2 Serum Ig-NRGI1-LI levels in patients with schizophrenia and
age-matched controls. Serum samples were collected from 40 patients
with schizophrenia (n = 20 for men and n = 20 women) and 59
healthy volunteers (n = 28 for men and » =31 women) and
subjected to ELISA to detect Ig-NRG-LI. Mean levels are marked
with thick horizontal lines, while SE levels are denoted by horizontal
broken lines. Post hoc analysis detected a significant difference
between groups; **P < 0.01 and *P < 0.05

Table 3 Correlations between levels of neuregulin and clinical
parameters in patients with schizophrenia

Pearson correlation r

Age® 0.340%
Age at onset 0.333*
Duration of illness (0.114)
Duration of medication (—0.006)
Dose of antipsychotic medication” (—0.235)

* P < 0.05, parentheses indicates insignificance
2 In control subjects; R = 0.432, P = 0.006
® Chlorpromazine-equivalent mg per day

To estimate the influence of patient clinical features
on Ig-NRG-LI levels, we performed Pearson correlation
analysis with compensation for gender effect (Table 3).
There were modest correlations of both age (R = 0.340;
P = 0.032) and disease onset (R = 0.333; P = 0.036) with
Ig-NRG-LI. Neither disease duration nor medication length,
however, correlated significantly with Ig-NRG-LI. As the
prescribed antipsychotics differed between patients, we
calculated chlorpromazine-equivalent doses based on an
antipsychotic potency table of commercial drugs (Inada
2006) (Table 2). We did not find a significant correlation
between chlorpromazine-equivalent dose and Ig-NRG-LI
level (R = —0.235; P = 0.144). Although we also attempted
to assess an interaction between DSM-IV category and
Ig-NRG-LI, one-way ANOVA failed to detect a significant
difference in Ig-NRG-LI levels among DSM-IV types
(F2.39) = 0.15; P = 0.865).

Association between NRG1 immunoreactivity
and SNP types

We examined the six SNP sites within the NRGI gene that
are reported to be associated with schizophrenia risk:
SNP8NRG221533, SNP8NRG241930, SNPSNRG243177,
rs1081062, rs3924999 and rs2954041 (Bakker et al. 2004;
Fukui et al. 2006; Hall et al. 2006; Ikeda et al. 2008; Iwata
et al. 2004; Law et al. 2006; Li et al. 2004, 2006; McIntosh
et al. 2008; Munafd et al. 2006; Nicodemus et al. 2009;
Stefansson et al. 2002; Williams et al. 2003; Yang et al.
2003). The genotype distributions of the SNPs examined
did not differ significantly from HME in either group
(patient: P = 0.203-0.747, control: P = 0.096-0.678),
with the exception of SNPSNRG221533 (patient: P =
0.016, control: P = 0.052; * test). With the given sample
sizes, we failed to detect any significant difference in
genotype distributions at all SNP loci between patient and
control groups (P = 0.073-0.90; ¥* test). As there were
significant gender differences in Ig-NRG-LI, we adopted
ANCOVA with a covariate of gender to estimate SNP
effects.
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Fig. 3 Association between SNPSNRG243177 and serum Ig-NRG1-
LI. Serum Ig-NRG-LI levels detected in individuals with each SNP
genotype (SNP8NRG243177; T/T, C/T, C/C) were plotted for the
control and patient groups. Mean levels are marked with thick
horizontal lines, while SE levels are denoted by horizontal broken
lines. *P < 0.05, compared between genotypes of patient group, and
##p < 0.001 and *P < 0.05, compared between patient and control
groups of the same genotype

At the site of SNP8NRG243177, two-way ANCOVA
revealed a main effect of diagnosis (F(; 93 = 4.78;
P =0.031), but not that of genotype (F(393 = 2.00;
P = 0.141), with an significant interaction between the two
subject factors (F(p93) = 4.43; P =0.015), suggesting
differential contribution of genotype to the disease-asso-
ciated decreases in Ig-NRG1-LI levels (Fig. 3). Post hoc
analysis revealed that patients with the SNP T allele (T/T
or C/T) exhibited lower levels of Ig-NRG-LI than schizo-
phrenia patients bearing the homozygous C allele (P =
0.038 for T/T vs. C/C, P = 0.016 for T/C vs. C/C) or
controls with the same allele (P = 0.025 for T/T,
P = 0.0003 for T/C). The allelic difference in serum
Ig-NRG1-LI levels was not observed in the control
group. Thus, these results suggest that the T allele at
SNP8NRG243177 is one of the biological contributors to
the disease-associated decreases in serum Ig-NRG-LI lev-
els. We also analyzed the influences of the other SNP
genotypes on serum Ig-NRG-LI. However, there were
no significant differences detected at these SNP loci
(Fo93) = 0.43-2.28; P = 0.108-0.645) without inter-
action (F(2,93) = 0.28-4.70; P = 0.098-0.753).

Influence of chronic haloperidol administration
to monkeys

To estimate the potential influence of antipsychotic medi-

cations given to patients with schizophrenia, we adminis-
tered haloperidol (0.25-0.50 mg/kg) to three cynomolgus
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monkeys for 2 months and monitored Ig-NRG1-LI levels
in serum before and during treatment. Serum concentra-
tions of haloperidol were 4.00 £ 0.62 ng/mL after 4 weeks
of treatment and 4.03 &+ 0.52 ng/mL after 8 weeks of
treatment. Mean levels of IG-NRGI1-LI were 7.0 £+ 2.1,
7.5 + 2.6 and 8.4 £ 2.9 ng/mL before and 4 and 8 weeks
after beginning treatment, respectively. One-way ANOVA
failed to detect any significant difference during drug
treatment (F(» 5y = 4.07; P = 0.865).

Discussion

To evaluate the pathological influences of schizophrenia on
NRGI1 protein, we established ELISA for NRGI1 and
measured NRG1 immunoreactivity in serum. We found
that the human sera contains high concentrations of
Ig-NRGI-LI and that the concentrations are significantly
lower in men as well as in patients with schizophrenia. In
addition, the schizophrenia-associated decrease in serum
Ig-NRGI1-LI is apparent only in patients carrying the
schizophrenia risk allele at the SNP8NRG243177 site.
Neuregulin-1 variants possess a common EGF-like core
domain that is responsible for its biological activity, thus
sharing significant structural similarity with other EGF-like
peptides. It was thus important to evaluate the cross-
reactivity of the ELISA system with other EGF-like peptides.
Despite careful examination of six distinct peptides in the
EGF family, none exhibited significant cross-reactivity. As
multiple gene promoters and alternative splicing produce
distinct structural variants of NRG1 precursors (Falls 2003;
Harrison and Law 2006), it was essential to determine
which NRG1 subtypes were recognized by this ELISA
system. The antigen used to raise antibodies was a soluble
mature form of type-1 NRG1p1 derived from mouse cer-
ebellum, which contains only an Ig-like domain and EGF-
like domain (Ozaki et al. 2004). Resulting antibodies
derived from rabbits and guinea pigs failed to react with the
EGF-like domain, leading to the assumption that these
antibodies primarily recognize the Ig-like domain of
NRGI. In support of this assumption, ELISA detected
type-II NRG1, which contains the Ig domain with high
efficiency. Reactivity to type-IIl NRGI1, which lacks the
Ig-like domain, was <10% of that to type-I NRGI.
Several clinical features of schizophrenia patients
exhibited modest, but significant, correlations with
Ig-NRG-LI levels using our novel ELISA. Serum Ig-NRG-
LI levels weakly correlated with age (R = 0.340) and
disease onset (R = 0.333) following gender compensation.
To confirm the statistical results of ANOVA, we also
performed ANCOVA, adopting each of these factors
individually or together as covariate(s), and yet obtained
the same statistical conclusion (data not shown). It is
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noteworthy that our statistical analysis did not detect a
significant correlation between antipsychotic medication
and serum Ig-NRG-LI levels, although calculating chlor-
promazine equivalents of second-generation antipsychotics
is controversial among researchers (Woods 2003; Inada
2006). This statistical result of antipsychotic effects
appeared to be supported by the present monkey experi-
ment: the chronic treatment of monkeys with haloperidol
had no significant effect on serum Ig-NRG1-LI. Pharma-
ceutical effectiveness of haloperidol in monkeys was
controlled by measuring its blood concentrations. Con-
centrations of haloperidol in monkey serum corresponded
to the human therapeutic range of the antipsychotic med-
ication (3-17 ng/mL) (Guthrie et al. 1987). As the given
species of antipsychotics to monkeys and patients were not
fully identical, however, the interpretation of the present
monkey results is limited and needs to be re-evaluated in
drug-naive schizophrenia patients.

In the present assay, we found that human serum con-
tains markedly high concentrations of Ig-NRG1-LI (mean
5.97 & 0.40 ng/mL, ~213 £ 14 pM) in comparison to the
concentrations of other growth factors and cytokines.
Concentrations of EGF, HB-EGF and TGFo are 100-
400 pg/mL in human serum (Futamura et al. 2002), and
those of inflammatory cytokines such as interleukin-1,
interleukin-6 and tumor necrosis factor alpha are also
below 1 ng/mL (Akiyama 1999; Schmitt et al. 2005). Our
preliminary study indicates that the concentrations of
Ig-NRG1-LI in human plasma were as high as in serum
(M. Shibuya, unpublished data). As NRG-1 concentrations
in human blood are above the reported dissociation con-
stant of the NRG-1 receptor (kg; ~60 pM for ErbB3)
(Carraway et al. 1994), human NRG-1 peptides in circu-
lation presumably exert a biological activity or influences
on tissue targets.

There was a significant gender difference in serum
Ig-NRG-LI levels between men and women. Ig-NRG-LI
quantities in females were significantly higher than those
observed in males, irrespective of the presence of schizo-
phrenia. This trend contrasts the fact that another neuro-
trophic factor, nerve growth factor, is enriched in the serum
of human males (Martocchia et al. 2002). LaCroix-Fralish
et al. (2006, 2008) report that protein and mRNA expres-
sion levels of NRGI are higher in female rats. As there
were no significant gender differences in NRGI mRNA
levels observed in postmortem brains (Hashimoto et al.
2004), this gender difference may be limited to NRGI
expression in the peripheral blood.

Although there are several studies examining the
expression of NRGI mRNA in postmortem brains of
patients with schizophrenia, most have reported an increase
in mRNA levels. The hippocampus and prefrontal cortex of
schizophrenia patients contain higher levels of type-I

mRNA than samples from control subjects (Hashimoto
et al. 2004; Law et al. 2006). Petryshen et al. (2005) report
an increase in mRNA encoding type-IIl NRG1 precursor
(SMDF), while Zhang et al. (2008) detect decreases in
type-I and type-Il mRNAs encoding NRGI1 precursors
(HRG-B3 and GGF2) in patient lymphocytes. The latter
report is consistent with our present findings on NRG1
expression in blood, assuming that our novel ELISA pri-
marily detected the type-I and type-II NRG1 peptides.

The schizophrenia-associated SNP sites within the
NRGI gene are located in the 5'-flanking region of the
gene promoter (Harrison and Law 2006; Lawrie et al.
2008; Mei and Xiong 2008). Of the six SNPs examined,
patients with the T allele at the SNP8NRG243177 site
displayed a reduction in serum Ig-NRG-LI levels. Brain
imaging studies reveal that the T allele is associated with
the reduction of white matter density in the anterior limb
of the internal capsule (McIntosh et al. 2008). This finding
is in agreement with the fact that NRGI is a positive
regulator for myelination and oligodendrocyte survival
(Fernandez et al. 2000; Corfas et al. 2004). In this context,
it is possible that the serum reduction in Ig-NRGI-LI
might contribute to the white matter deficits of schizo-
phrenia patients.

This SNP site is located at the 5’ region of transcription
initiation sites of type-II and type-IV mRNAs, which both
encode Ig-NRG1 (Li et al. 2006). The T allele-specific
reduction in Ig-NRG-LI was only found in the patient
group and is therefore consistent with the finding that this
allele is associated with schizophrenia susceptibility (Law
et al. 2006; Steinthorsdottir et al. 2004). It is unknown,
however, whether the allele-dependent Ig-NRG-LI reduc-
tion is ascribed to the difference in basal or regulated
transcription rates of NRGI gene (Tan et al. 2007).
A postmortem brain study combining RT-PCR for NRG
mRNAs and SNP typing comes to a conclusion in conflict
with our findings. The hippocampus of human subjects
bearing the risk allele expresses higher levels of type-IV
variants of NRGI mRNA, irrespective of the diagnosis
(Law et al. 2006). Although it remains to be determined
whether NRGI gene transcription is under the same regu-
lation in both periphery and brain, the answer to this dis-
crepancy awaits future experiments with a larger number
and the combination of peripheral and brain samples. We
hope that the ELISA system for NRG1 peptide will help to
explore its biological role in schizophrenia pathogenesis or
diagnosis.
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