J Neural Transm (2010) 117:887-895
DOI 10.1007/s00702-010-0418-3

BIOLOGICAL PSYCHIATRY - ORIGINAL ARTICLE

Measurement and comparison of serum neuregulin 1
immunoreactivity in control subjects and patients
with schizophrenia: an influence of its genetic polymorphism

M. Shibuya * E. Komi - R. Wang - T. Kato -
Y. Watanabe - M. Sakai - M. Ozaki *+ T. Someya -
H. Nawa

Received: 17 February 2010/ Accepted: 2 May 2010/ Published online: 5 June 2010

© Springer-Verlag 2010

Abstract Neuregulin-1 (NRG1) gene is implicated in the
etiology or neuropathology of schizophrenia, although its
biological contribution to this illness is not fully under-
stood. We have established an enzyme-linked immuno-
sorbent assay (ELISA), which recognizes the NRG1f1
immunoglobulin-like (Ig) domain, and measured soluble
Ig-NRG1 immunoreactivity in the sera of chronic schizo-
phrenia patients (n = 40) and healthy volunteers (n = 59).
ELISA detected remarkably high concentrations of
Ig-NRG1 immunoreactivity in human serum (mean 5.97 £
0.40 ng/mL, ~213 £ 14 pM). Gender and diagnosis
exhibited significant effects on serum Ig-NRG1 immuno-
reactivity. Mean Ig-NRG1 immunoreactivity in the
schizophrenia group was 63.2% of that measured in the
control group. Ig-NRG1 immunoreactivity in women was
147.1% of that seen in men. We also attempted to correlate
six SNPs of NRG1 genome with serum Ig-NRG1 immu-
noreactivity. Analysis of covariance with compensation
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for gender identified a significant interaction between
diagnosis and SNPSNRG243177 allele. The T allele of this
SNP significantly contributed to the disease-associated
decrease in Ig-NRGI1 immunoreactivity. Although we
hypothesized a chronic influence of antipsychotic medica-
tions, there was no significant effect of chronic haloperidol
treatment on serum Ig-NRG1 immunoreactivity in mon-
keys. These findings suggest that serum NRG1 levels are
decreased in patients with chronic schizophrenia and
influenced by their SNPSNRG243177 alleles.
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Abbreviations

NRG Neuregulin

SNP Single-nucleotide polymorphism

ELISA Enzyme-linked immunosorbent assay
LI Like immunoreactivity

ANOVA Analysis of variance

ANCOVA Analysis of covariance

Introduction

Many studies have indicated a genetic linkage between the
human chromosome locus 8p21-pl2 and schizophrenia
(Blouin et al. 1998; Kendler et al. 1996; Pulver et al. 1995).
Stefansson et al. (2002) first reported that the neuregulin-1
(NRGI) gene, which resides in this genomic locus, is
associated with the vulnerability to schizophrenia. Sub-
sequent studies have confirmed the genetic association with
NRGI throughout different countries and populations
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(Addington et al. 2007; Corvin et al. 2004; Fukui et al.
2006; Gardner et al. 2006; Harrison and Weinberger 2005;
Li et al. 2004; Tang et al. 2004; Thomson et al. 2007;
Williams et al. 2003; Yang et al. 2003), although there are
several contradictory reports (Ikeda et al. 2008; Iwata et al.
2004; Munafo et al. 2006; Thiselton et al. 2004). Post-
mortem studies support a genetic contribution of NRGI to
schizophrenia (Hashimoto et al. 2004; Law et al. 2006).
The expression of mRNAs encoding NRGI precursors is
altered in schizophrenia patients; in particular, the type-I
splice variants of NRG/ mRNA are upregulated in the
prefrontal cortex and hippocampus of affected patients
(Hashimoto et al. 2004; Law et al. 2006). Although studies
have attempted to correlate abnormalities in NRG1 mRNA
expression with patient single nucleotide polymorphism
(SNP) haplotype (Law et al. 2006), controversy surrounds
the use of postmortem samples, especially for mRNA
analysis (Chagnon et al. 2008; Harrison et al. 1995;
Morrison-Bogorad et al. 1995; Tomita et al. 2004).
Terminal conditions, such as coma and hypoxia, might
influence NRGI gene expression and RNA quality in the
brain (Chagnon et al. 2008; Harrison et al. 1995; Morrison-
Bogorad et al. 1995; Tomita et al. 2004).

mRNA and protein measurements in blood are often
used to diagnose schizophrenia or investigate the patho-
logical contribution of individual molecules (Chagnon
et al. 2008; Petryshen et al. 2005; Zhang et al. 2008). Of
the molecules examined, growth factors and cytokines
displayed marked abnormalities in both central nervous
system and peripheral blood (Bellon 2007; Futamura et al.
2002; Sei et al. 2007; Takahashi et al. 2000; Toyooka et al.
2002, 2003). mRNA expression levels for NRGI precursors
are determined by evaluation of peripheral lymphocytes
from schizophrenia patients (Chagnon et al. 2008;
Petryshen et al. 2005; Zhang et al. 2008). However, NRG1
peptide levels in peripheral blood have not yet been stud-
ied. The production and release of mature NRG1 peptides
require proteolytic processing of precursors (i.e., ectodo-
main shedding) (Marchionni et al. 1993; Shirakabe et al.
2001; Yokozeki et al. 2007). This process liberates mature
NRGTI peptides from the cell-anchored precursor proteins,
allowing it to activate ErbB receptors. Thus, the measure-
ment of free mature NRGI peptides is necessary to
estimate the biological activity.

Here, we established an enzyme-linked immunosorbent
assay (ELISA) for NRG1 and measured trace NRG1-like
immunoreactivities (LI) in the cell-free soluble fraction of
human serum. ELISA allowed us to estimate the effects
of gender, age and schizophrenia diagnosis, disease
duration and antipsychotic treatment on human serum
NRGI1 peptide levels. We also attempted to estimate
the contribution of SNPs in NRGI genome to serum
NRGI-LI levels.
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Materials and methods
Subjects

This clinical study was approved by the Ethics Committee
on Genetics of the Niigata University School of Medicine.
Written informed consent was obtained from all partici-
pants. Patients meeting the Diagnostic and Statistical
Manual of Mental Disorders, fourth edition (DSM-1V)
criteria for schizophrenia were recruited from two hospi-
tals. The diagnosis of schizophrenia was based on all
available sources of information, including unstructured
interviews, clinical observations and medical records.
Control subjects were recruited primarily from the staff of
participating hospitals and associated laboratories. We
matched the ages and genders of the control healthy vol-
unteers to those of the patients examined. Although these
subjects were not assessed by a structured psychiatric
interview, all of them demonstrated good social and
occupational skills and did not report any history of psy-
chiatric disorders.

Three young adult male cynomolgus monkeys (Macaca
fascicularis), 4 years of age, weighing 3.12-3.98 kg, were
used in this study. Monkeys, reared at the animal house of
Shinn Nippon Biomedical Lab. Inc. (Kagoshima, Japan),
were housed individually in stainless steel cages of 50 cm
(W) x 86 cm (D) x 82 cm (H) under temperature-
controlled conditions, at 26 £ 2°C and a humidity of
40-60% under a 12/12-h light/dark cycle. Animals were
fed 108 g commercial monkey chow daily. Filtered water
was delivered by an automatic supplier ad libitum.
Experiments were subjected to review by the Ethical
Committee of Shinn Nippon Biomedical Lab. Inc., and
were performed in accordance with the NIH Guidelines for
the Care and Use of Laboratory Animals and the Guide-
lines of the Central Research Laboratory.

Blood sampling

Blood was collected in vacuum collection tubes (Neotube,
NP-PS0507, Nipro, Osaka, Japan) between 9 and 12 a.m.
in the morning. Within 1 h of collection, blood was
coagulated at 37°C for 60 min. Serum was separated by
centrifugation at 4°C for 15 min and stored at —80°C until
use for analysis.

NRG enzyme immunoassay

We produced anti-NRGI1B1 polyclonal antibodies by
immunizing rabbits and guinea pigs with a mouse cere-
bellar isoform of NRG1B1 peptide (Ozaki et al. 2000). This
type-I isoform, with a molecular weight of 25,500 Da,
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consists of an immunoglobulin-like (Ig) domain and an
epidermal growth factor (EGF)-like domain alone. Rabbit
and guinea pig antisera were subjected to antigen-affinity
chromatography (Affi-Gel 10, Bio-Rad, Hercules, CA,
USA). We established ELISA using the affinity-purified
antibodies according to the previous procedures (Nawa
et al. 1995).

In brief, ELISA titer plates were coated with 100 ng
rabbit anti-NRG1B1 antibody per well in 0.1 M Tris buffer
(pH 9.0) for 12—18 h and then blocked with ELISA buffer
[5S0 mM Tris, 0.5 M NaCl, 0.1% NaNj;, 0.2% Triton
X-100, 1% gelatin (pH 6.8)] at 4°C for more than 12 h.
Serum (100 pL; quadruplicate) or standard NRGIB3
(10-1,000 pg; quadruplicate) was loaded into wells. After
five washes, each well was incubated with 30 ng of guinea
pig anti-NRG1f1 antibody followed by rabbit anti-guinea
pig Ig biotinylated antibody (1:5,000; Open Biosystems,
Huntsville, AL, USA). Biotinylated antibodies bound to
wells were incubated with 100 pL avidin-f-galactosidase
(1:10,000; Rockland Immunochemicals Inc., Gilbertsville,
PA, USA) followed by the fluorogenic substrate, 200 uM
4-methylumbelliferyl-pB-p-galactoside (MUG; Sigma
Chemicals, St. Louis, MO, USA). The fluorescent product
was quantitated using an MTP-601F microplate reader
(Corona, Ibaraki, Japan) with excitation and emission at
365 and 450 nm, respectively. To evaluate the cross-
reactivity of ELISA, we obtained the following human
recombinant factors that exhibit structural homology or
similarity to NRGI1: betacellulin, EGF, heparin-binding
EGF-like growth factor (HB-EGF), epiregulin and trans-
forming growth factor-a (TGFax) (Peprotech, Rocky Hill,
NIJ, USA, or Sigma Chemicals, St. Louis, MO, USA). The
mature human NRG1p3 peptides, which correspond to the
respective extracellular domains of NRGI1 precursors
(Genbank; NM_013956.3 for type I, NM_013962.2 for
type II, and NM_013959.3 for type III), were synthesized
by an in vitro translation/transcription system (TnT Quick
Coupled transcription/Translation Systems; Promega,
Addison, WI, USA) using synthetic cDNAs encoding the
corresponding domains (GenScript, Piscataway, NJ, USA).
The amount of each type of NRG1B3 peptides was deter-
mined by immunoblotting for their histidine tag (R. Wang,
unpublished data).

Genotyping

DNA was extracted from blood clots using Puregene
core kit A (Qiagen, Germantown, MD, USA). We selected
six SNPs from the human NRGI genome, which have
been intensively characterized previously, to investi-
gate rs35753505 (SNPSNRG221533), SNPSNRG241930,
rs6994992 (SNP8NRG243177), rs1081062, 1s3924999
and rs2954041 (Ikeda et al. 2008). These six SNPs were

genotyped using the TagMan assay as described previously
(Fukui et al. 2006).

Chronic treatment of cynomolgus monkeys
with haloperidol

Young adult monkeys (all male) were given oral haloperi-
dol for 2 months. Haloperidol (Wako Chemical Ltd, Tokyo,
Japan), suspended in 0.5% methylcellulose solution, was
administered at concentrations of 0.125-0.25 mg/mL to
monkeys daily with the aid of a gastric tube for 8 weeks.
The initial dose of 0.25 mg/kg for 2 weeks was increased to
0.5 mg/kg for the following 6 weeks. We confirmed normal
food consumption daily and monitored body weight
gain weekly to avoid adverse effects of haloperidol treat-
ment. Whole blood (5 mL/animal) was collected from the
femoral vein before treatment and after 4 and 8 weeks of
haloperidol treatment. Serum samples were prepared to
measure haloperidol concentrations as well as Ig-NRG-LI
levels.

Statistical analysis

To analyze multifactorial interactions and ascertain statis-
tical power, we applied parametric analyses to data.
Genotype deviation from Hardy—Weinberg equilibrium
(HWE) and allele frequency difference between patients
and controls were evaluated by using the 7> test. ELISA
data were initially analyzed with the analysis of variance
(ANOVA) using gender, disease, DSM-IV type and/or
genotype as between-subject factors. The correlations
between each potential confounding factor and Ig-NRGI-
LI levels were examined by Pearson correlation analysis.
The putative confounding factors included age, gender,
duration of illness, age at onset and dose of antipsychotic
medication. As we identified a significant and strong cor-
relation of ELISA data with gender in the initial analysis,
data were all re-analyzed using analysis of covariance
(ANCOVA), adopting gender as a covariate. We used
Fisher least significant difference (LSD) test for post hoc
analysis. A probability level of P < 0.05 was considered to
be statistically significant. All data represent the
mean £ SE. Statistical analysis was performed using SPSS
software (version 11.5).

Results
Establishment of a sandwich ELISA for NRG1
We raised antisera directed against recombinant mouse

NRG11 (type I, soluble mature form) in rabbits and gui-
nea pigs and established a sandwich ELISA for NRGI1
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Fig. 1 A standard curve of ELISA with control type-1 NRG-1
peptide. Various amounts of human recombinant NRG1B3 (10-
1,000 pg/well/100 pL) were applied to ELISA as a standard. Total
immunoreactivity for NRG1 trapped by the primary antibody was
determined using the guinea pig secondary anti-NRG1f1 antibody
followed by detection with a PB-galactosidase-conjugated antibody
against guinea pig immunoglobulin. Enzymatic activity in each well
was measured using the fluorogenic substrate MUG. The enzymatic
product derived from MUG exhibits fluorescence at 450 nm with
365 nm excitation

(Nawa et al. 1995). The combination of these antibodies in
ELISA generated a linear standard curve for concentrations
of 10-1,000 pg/well for a soluble form of human NRG1p3
(Fig. 1). As NRGI structurally belongs to the EGF family,
we tested the cross-reactivity of this ELISA system to other
members in this family, including EGF, HB-EGF, TGFu,
betacellulin and epiregulin (Table 1). The cross-reactivity
to these factors was <0.1% of the signal for type-I human
NRG1B3. We also tested the reactivity of ELISA to the
EGF domain of human NRGI as well as other splice
variants of human NRG1. Reactivity to the EGFB1 domain
was negligible (<0.01%), and that to the type-II and
type-III variants was 61.0 and 7.2% of the levels seen for
type-I NRGI1 used as a standard, respectively. These results
suggest that this ELISA primarily recognizes not the
common EGF domain, but the Ig-like domain of NRGI,
which is present in type-I and type-IIl NRGI1, but not
type-II NRG1. Using this novel ELISA, we measured
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Table 1 Cross-reactivity to types I-III NRG-1 and other neurotro-
phic factors

Factor Reactivity (%)
Human NRG1B3 (type I) 100
Human NRGI13 (type II) 61.0
Human NRG1B3 (type III) 7.2
Human NRG1 core EGF1 domain <0.01
Human betacellulin <0.1
Human epidermal growth factor (EGF) <0.01
Human heparin binding-EGF-like <0.01
growth factor (HB-EGF)
Human epiregulin <0.01
Human transforming growth factor-o (TGF-o) <0.01

Purified cytokines, growth factors and neurotrophic factors (10 ng)
were applied to ELISA. The intensities of their signals were compared
to those of human NRG1B3 (type I) in a standard curve

Table 2 Profiles of patients with schizophrenia and control

volunteers
Patients Controls

Age (mean £ SD) (years) 327 +£6.7 333+£69
Gender

Men 20 28

Women 20 31
Duration of illness (mean £ SD) (years) 9.4 £ 5.7
Age at onset (years) 232+ 48
Dose of antipsychotic medication® 716 £ 338
Medication”

Olanzapine (5-30 mg/day) 18

Quetiapine (200-600 mg/day) 10

Risperidone (2-9 mg/day) 6

Perospirone (36-48 mg/day) 4

Aripiprazole (12-18 mg/day) 4

Haloperidol (4-12 mg/day) 2

Others (2)° 2

* Chlorpromazine-equivalent dose (mg/day)
° Some patients took multiple antipsychotics

¢ Other patients took clozapine (500 mg/day) or levomepromazine
(25 mg/day)

According to DSM-IV diagnostic criteria, patients consisted of 13
disorganized types, 4 paranoid types and 23 undifferentiated types

Ig-like domain-containing NRGI1-like immunoreactivity
(Ig-NRG-LI) in human serum.

NRGI1 immunoreactivity in sera of schizophrenia
patients and control subjects

We obtained sera from schizophrenia patients (n = 40) and
age- and gender-matched healthy volunteers (n = 59)
(Table 2). The time of blood sampling, type of sampling
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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.9s5) = 9.23; P = 0.003) without an interaction between
these two factors (F(;95 = 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 n = 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
? 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
(F(2’39) = 015, P = 0865)

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, SNPSNRG241930, 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. 20006; Li et al. 2004, 2006; McIntosh
et al. 2008; Munafo 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 SNP8NRG243177 and serum Ig-NRG1-
LI. Serum Ig-NRG-LI levels detected in individuals with each SNP
genotype (SNPSNRG243177; 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(z93 = 2.00;
P = 0.141), with an significant interaction between the two
subject factors (F(93 = 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
(F2,03) = 0.43-2.28; P = 0.108-0.645) without inter-
action (F(2’93) = 028—470, P = 0098—0753)

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 NRGI and
measured NRG1 immunoreactivity in serum. We found
that the human sera contains high concentrations of
Ig-NRG1-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 SNPSNRG243177 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 NRG1fB1 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-III 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-NRGI1-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 TGFa 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 NRGI1
expression in the peripheral blood.

Although there are several studies examining the
expression of NRG/ 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-III NRGI1 precursor
(SMDF), while Zhang et al. (2008) detect decreases in
type-I and type-II mRNAs encoding NRG1 precursors
(HRG-B3 and GGF2) in patient lymphocytes. The latter
report is consistent with our present findings on NRGI
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
NRG1 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 NRG1 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-NRGI1-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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