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The neuregulin 1 (NRG1) receptor ErbB4 is involved in the development of cortical inhibitory GABAergic circuits and NRG1-ErbB4

signaling has been implicated in schizophrenia (SCZ). A magnetic resonance spectroscopy (1H-MRS) study has demonstrated that a

single-nucleotide polymorphism in ERBB4, rs7598440, influences human cortical GABA concentrations. Other work has highlighted the

significant impact of this genetic variant on expression of ERBB4 in the hippocampus and dorsolateral prefrontal cortex in human post

mortem tissue. Our aim was to examine the association of rs7598440 with cerebrospinal fluid (CSF) GABA levels in healthy volunteers

(n¼ 155). We detected a significant dose-dependent association of the rs7598440 genotype with CSF GABA levels (G-allele

standardized b¼�0.23; 95% CIs: �0.39 to �0.07; P¼ 0.0066). GABA concentrations were highest in A homozygous, intermediate in

heterozygous, and lowest in G homozygous subjects. When excluding subjects on psychotropic medication (three subjects using

antidepressants), the results did not change (G-allele standardized b¼�0.23; 95% CIs: �0.40 to �0.07; P¼ 0.0051). The explained

variance in CSF GABA by rs7598440 in our model is 5.2% (P¼ 0.004). The directionality of our findings agrees with the aforementioned
1H-MRS and gene expression studies. Our observation therefore strengthens the evidence that the A-allele of rs7598440 in ERBB4 is

associated with increased GABA concentrations in the human central nervous system (CNS). To our knowledge, our finding constitutes

the first confirmation that CSF can be used to study genotype–phenotype correlations of GABA levels in the CNS. Such quantitative

genetic analyses may be extrapolated to other CSF constituents relevant to SCZ in future studies.
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INTRODUCTION

Single-nucleotide polymorphism (SNP) and haplotype
analyses have implicated neuregulin 1 (NRG1) in schizo-
phrenia (SCZ) (Jaaro-Peled et al, 2009; Li et al, 2006). A
genome-wide copy number analysis found evidence of

structural ERBB4 (OMIM 600543) abnormalities in SCZ
(Walsh et al, 2008). In addition, enhanced signaling of
NRG1-ErbB4 in SCZ patients has been reported (Hahn et al,
2006). Converging evidence thus pleads for a role of the
NRG1-ErbB4 pathway in SCZ, although the underlying
mechanisms are currently unknown.
While the physiological ramifications of this pathway in

the healthy human brain have yet to be fully understood,
preclinical studies indicate that NRG1 is involved in neuro-
development and brain plasticity, acting via ERBB receptor
tyrosine kinases, such as ErbB4 (Mei and Xiong, 2008).
ERBB4 expression in the brain is largely restricted to
parvalbumin-expressing GABAergic cortical interneurons
(basket and chandelier cells) in humans, rodents and
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non-human primates (Fazzari et al, 2010; Neddens et al,
2011). NRG1-induced GABA release depends on ErbB4
(Woo et al, 2007), resulting in suppression of firing of
pyramidal neurons (Wen et al, 2010) and affecting
interneuronal long-term potentiation and contextual fear
conditioning (Chen et al, 2011).
Recently, a study highlighted the effect of a common

variant in ERBB4 on cortical GABA concentrations in
healthy volunteers using proton magnetic resonance
spectroscopy (1H-MRS) (Marenco et al, 2011). The authors
reported that A allele carriers of SNP rs7598440 within the
ERBB4 gene possessed higher anterior cingulate cortical
GABA concentrations than G-allele homozygous subjects.
This suggests that genetic variation in ERBB4 signaling
affects in vivo cortical GABA levels. As in vivo GABA
concentrations in the prefrontal cortex measured by 1H-
MRS reflect a fraction of whole-brain GABAergic neurons
(Barnard et al, 1998), it remains unclear how this finding
applies to other brain regions. GABA concentrations in the
cerebrospinal fluid (CSF) have been proposed to reflect
overall central GABA activity (Grove et al, 1983), which
is supported by a rodent study demonstrating a high
correlation (r¼ 0.92) between CSF and brain GABA (Bohlen
et al, 1979) and the rostrocaudal CSF GABA gradient
hinting at a central nervous system (CNS) origin of CSF
GABA (Grove et al, 1982).
In another study, rs7598440 was found to be associated

with gene expression levels of ERBB4 in the dorsolateral
prefrontal cortex (DLPFC) and hippocampus (Law et al,
2007), suggesting a cis-effect of this variant (or one that
is tagged by it) on CNS ERBB4 expression. We therefore
hypothesized that the effect of the ERBB4 rs7598440
genotype on GABA concentrations would not be limited
to the anterior cingulate cortex but that the SNP mediates
overall central GABA turnover. Additionally, our aim was to
assess the validity of CSF to study genotype–phenotype
correlations of central GABA activity. To our knowledge, no
genetic linkage or association study on CSF GABA has been
published to date. We thus investigated the association of
rs7598440 with CSF GABA levels in healthy volunteers.

MATERIALS AND METHODS

Subjects

The ethics committee at the University Medical Center
Utrecht (UMCU) and all local ethics committees approved
this study. Volunteers were recruited at outpatient pre-
operative screening services in four hospitals in and around
Utrecht, The Netherlands, from August 2008 until March
2010: UMCU, the Central Military Hospital, Sint Antonius
Hospital, and Diakonessenhuis. We included patients (i)
undergoing spinal anesthesia for minor elective surgical
procedures, (ii) ranging between 18–60 years of age, and
(iii) with four grandparents born in The Netherlands or other
northwestern European countries (Belgium, Germany, UK,
France, and Denmark). Written informed consent was
obtained from the participants. Each candidate participant
received a personal telephone interview by JL (a psychiatry
resident) or a medical student trained by JL. During this non-
standardized interview, subjects with psychotic or neuro-
logical disorders were excluded and any use of psychotropic

medication was assessed. A history of unipolar affective and
anxiety disorders was allowed. To gauge the possible
association of anxiety with CSF GABA levels, a Pearson’s
correlation between the State and Trait Anxiety Inventory
and GABA was computed (a¼ 0.05) (Spielberger, 1989).

CSF Collection

Subjects had fasted at least 6 h before lumbar puncture (LP).
Before administration of medication (either pre-medication or
compounds for the purpose of anesthesia), a 25–27G needle
was inserted into the L1/L2, L2/L3, L3/L4, or L4/L5 interspace
(estimated by the anaesthesiologist). A single sample of 6ml
of CSF was obtained from each subject. Any deviations from
the instructed procedure were recorded, such as smaller
amounts of CSF drawn. CSF was kept at 4 1C and transported
within 9 h to the laboratory at UMCU. Each sample was
immediately stored in fractions of 0.5 and 1ml at �80 1C. One
fraction of 0.5ml was used for GABA measurements.

CSF GABA Measurements

The free GABA quantification method employed here is
similar to an ultra-performance liquid chromatography –
mass spectrometry (UPLC-MS/MS, multiple stage tandem
mass spectrometry) based method for quantification of
D-amino acids described elsewhere (Visser et al, 2011). Out
of a 0.5-ml aliquot, 50ml was mixed with 25ml of an internal
standard solution containing 80mM of [13C3]-L-serine
(obtained from Cambridge Isotope Laboratories, Andover,
MA). Subsequently, the sample was deproteinized by the
addition of acetonitrile and derivatized with the chiral rea-
gent (S)-NIFE (purchased from Sigma-Aldrich, Zwijndrecht,
The Netherlands). Analyses were carried out with a Waters
Acquity UPLC system equipped with an Acquity 1.7mm
BEH-C18 2.1� 102mm column and a VanGuard BEH-C18
2.1� 5mm pre-column. The UPLC system was coupled to a
Waters Xevo MS operated in positive electron spray mode.
The following mass reaction monitoring settings were
employed for GABA: parent ion¼ 353.35Da; daughter
ion¼ 120.1Da; cone voltage¼ 20V, collision energy¼ 24V;
and for [13C3]-L-serine: parent ion¼ 358.3; daughter
ion¼ 120.1; cone voltage¼ 18V; collision energy¼ 26V. The
retention time of GABA was 10.27min and that of [13C3]-L-
serine 9.14min. A calibration curve covering the concentration
range of interest was included in each measurement session.
The peaks were integrated using the computer software
TargetLynx 4.1 (Waters, Milford, MA, USA).

Genotyping Procedures and Quality Control (QC)

As part of another, larger study whole-genome SNP data
were generated at the UCLA Neuroscience Genomic Core
facility using the Illumina Human OmniExpress Beadchip
and genotype data of rs7598440 were extracted for use in
this study. All genetic QC checks were performed using
Plink v1.07 in 240 genotyped individuals, 155 of whom had
available CSF GABA levels (see Supplementary Methods).
Given the prior evidence on rs7598440 and our limited
study population size resulting in insufficient power to
perform whole-genome analyses, we studied the association
of this single SNP with CSF GABA.
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Quantitative Trait Locus (QTL) Analyses

Normality of the CSF GABA distribution was checked using
SPSS version 17 (SPSS, Chicago, IL) and defined by a
Kolmogorov–Smirnov (K–S) test asymptotic two-tailed
P-value 40.05. A linear model accounting for all six patient-
and procedure-specific factors known to influence CSF
GABA levels was performed in Plink v1.07. These patient
covariates include age and sex (Epperson et al, 2005;
Marenco et al, 2011), whereas procedure-specific covariates
include time elapsed before storage (number of hours from
LP until storage at �80 1C), storage duration, the rostro-
caudal concentration gradient (reflected by subjects’ height),
and amount of CSF drawn (Hare, 1981; Manyam and Hare,
1983). A maximum of 5% missing data per covariate was
allowed and subjects with more than two missing covariates
were excluded. Missing covariate data were replaced by the
mean (in the event of height, means were computed
separately for the two sexes). Two tests of robustness were
carried out. First, subjects on psychotropic medication were
left out and the same linear model was run. Second, only
covariates that showed suggestive (Po0.1) Spearman’s r
correlations with logGABA were included in the model.
Given the prior evidence for this locus, the significance
threshold of the association analysis of rs7598440 with CSF
GABA levels was set at Po0.05. Outcome measures
(standardized regression coefficients, b), the minor allele
frequency (MAF), the genotyping success rate, and Hardy–
Weinberg equilibrium (HWE) of rs7598440 were computed
in Plink. Boxplots of genotype–phenotype associations
were generated in SigmaPlot 11. The explained variance by
rs7498440 was computed by subtracting the R2 in a linear
regression model including covariates that showed suggestive
Spearman’s r correlations (Po0.1) with logGABA from the
R2 of a linear model additionally including the rs7598440
genotype (logGABA being the dependent variable; a¼ 0.05).

RESULTS

Subject Characteristics

QC based on genetic data resulted in the exclusion of four
subjects with available CSF GABA levels, leaving 151
subjects with measured CSF GABA concentrations for

further study (Supplementary Methods). No correlation
between CSF logGABA and anxiety state and trait measures
(which were normally distributed and filled out by 87% of
the subjects) was detected (P¼ 0.9). Although data were
complete for three covariates, missing data ranged from
1–5% per covariate for the other three. For one individual
multiple covariates were missing, leaving a total of 150
subjects for the linear model. Three of the 151 subjects were
on psychotropic medication (SSRIs and an SNRI). An
overview of the study population, GABA measurements,
covariates, and genotype distributions is shown in Table 1.

CSF GABA

As CSF GABA was not normally distributed (K–S P¼ 0.001),
values were logarithm (log) transformed. This resulted in
a normal distribution (K–S P¼ 0.84, Figure 1). Mean (SD)
CSF GABA and logGABA levels of these subjects were 0.47
(0.28) and �0.40 (0.24) mmol/l, respectively (Table 1).

Association of rs7598440 with CSF GABA Levels

Genotyping was successful in all subjects and no departure
from HWE was detected (P¼ 0.11); the MAF was 0.42,
which is equal to the previously reported frequency based

Table 1 Subject Characteristics, Means (SD) of Subject Characteristics, and GABA Levels

Parameter Total sample AA genotype AG genotype GG genotype

Subjects (N) 151 50 79 22

Age, mean 40 39 42 40

Sex (% male) 70 74 67 73

CSF GABA in mmol/l (SD) 0.47 (0.28) 0.54 (0.31) 0.44 (0.21) 0.40 (0.36)

log CSF GABA in mmol/l (SD) �0.40 (0.24) �0.33 (0.23) �0.40 (0.21) �0.51 (0.29)

Time elapsed before storage in hours (SD) 5.68 (2.16) 6.34 (2.19) 5.48 (2.04) 4.89 (2.23)

Storage time in months (SD) 9.01 (3.08) 9.63 (3.46) 8.61 (2.92) 9.69 (2.47)

Subject height in cm (SD) 180 (9.5) 180 (8.3) 181 (10.0) 180 (10.7)

Amount CSF drawn in ml (SD) 5.62 (0.60) 5.57 (0.65) 5.61 (0.57) 5.75 (0.61)

Abbreviations: CSF, cerebrospinal fluid; SD, standard deviation.
Only subjects passing genetic quality control are shown.

Figure 1 Histogram showing the distribution of log transformed CSF
GABA levels (mmol/l).
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on the 1000 genomes project (CEU population; http://
www.ncbi.nlm.nih.gov/snp).
A significant dose-dependent association of the rs7598440

genotype with CSF logGABA levels was detected (b¼�0.23;
P¼ 0.0066; Figure 2 and Table 2), ie, logGABA (and
therefore GABA) concentrations were highest in A homo-
zygous, intermediate in heterozygous, and lowest in G
homozygous subjects. The explained variance in logGABA
by the rs7598440 genotype in our data set is 5.2%
(P¼ 0.004). The two tests of robustness resulted in similar
findings. When excluding the three subjects on psycho-
tropic medication, the results did not change (b¼�0.23;
P¼ 0.0051, Table 2). The only covariate showing suggestive
Spearman’s r correlations with logGABA was time elapsed
before storage (Spreaman’s r¼�0.21, P¼ 0.011). The
results for the linear model correcting for only this covariate
were: b¼�0.25; P¼ 0.0031 (Table 2).

DISCUSSION

In the first endeavor to identify a QTL associated with CSF
GABA levels, a dose-dependent association of the common

variant rs7598440 in ERBB4 was detected. These results
confirm a 1H-MRS finding that the A-allele of rs7598440
increases GABA concentrations in the human CNS (Marenco
et al, 2011) and strengthen the evidence that this variant is
implicated in in vivo GABA metabolism in the CNS.
The role of ERBB4 in controlling cortical GABA circuitry

development was previously demonstrated (Fazzari et al,
2010). At a general genetic level, it is known that synonymous
(Sauna and Kimchi-Sarfaty, 2011) and intronic (Hull et al,
2007) SNPs may contribute to phenotypic variation by means
of genotype-specific differences in gene expression levels,
RNA stability, RNA splicing, as well as in protein translation
rate and protein folding. The demonstrated cis-effect of
intronic rs7598440 on human post-mortem ERBB4 expres-
sion and splicing in the hippocampus (P¼ 0.009) and DLPFC
(P¼ 0.03) may be viewed in light of such phenomena (Law
et al, 2007). Our results are in keeping with this ERBB4
expression finding in that the A-allele that increases ERBB4
expression in these tissues (Law et al, 2007) was associated
with elevated CSF GABA levels in the current study.
The exact genetic mechanisms underlying rs7598440-

induced effects on CSF GABA levels are currently unknown.
For example, there is no evidence suggesting marked
sequence conservation between species at this intronic
region of ERBB4 or the presence of a regulatory element in
the sequence immediately surrounding rs7598440 (http://
genome.ucsc.edu/). In addition, the link between the NRG1-
ErbB4 pathway and the pathophysiology of SCZ has yet to
be elucidated, although a detected relation between NRG1,
ErbB4, glutamate, and dopamine implicates the pathway in
neurotransmitter systems relevant to SCZ (Kwon et al,
2008). The agreement in directionality between the 1H-MRS
signal (Marenco et al, 2011) and the signal in our study
indicates a high validity of both approaches in genetic
quantitative analyses of CNS GABA. In this context, our
thorough assessment of and correction for all covariates
that are known to influence CSF GABA levels are likely to
have benefited the reliability of our analyses. The 1H-MRS
study corrected for the same patient-related covariates (age
and sex) but clearly different procedure-related covariates
were accounted for (Marenco et al, 2011).
A limitation of the current study is that no standardized

psychiatric interview was employed to screen for psychiatric
illness in the study population. Future studies may over-
come this caveat by relating psychiatric diagnoses (espe-
cially anxiety disorders, alcohol dependence, and abuse)
to GABA levels and SNP data. On a similar note, the
current design does not allow to parse possible age, sex or
other genotype specific modulations of preoperative stress
influences on CSF GABA levels. Quantifying perioperative
stress in upcoming projects may be a way to address such
uncertainties.
To our knowledge, our finding constitutes the first

confirmation that CSF can be used to study genotype–
phenotype correlations of CNS GABA levels. Such quanti-
tative genetic analyses may be extrapolated to other CSF
constituents relevant to SCZ in future studies, eg, amino
acids involved in glutamatergic pathways. An interesting
question remains whether intra-individual changes in CSF
GABA concentrations reflect central GABA activity. This
may only be addressed in prospective studies with long-
itudinal measures of CSF GABA concentrations within the

Figure 2 Log transformed GABA levels (mmol/l) by rs7598440 geno-
type: interquartile ranges (boxes) with medians (lines in boxes), whiskers
(10–90 percentiles), and dots (values falling outside the 10–90 percentiles).

Table 2 Summary Statistics of the Linear Models: on All Subjects
for whom GABA, Genotypes, and Covariates Were Measured
(n¼ 150); on Those Who Were Not on Psychotropic Medication
(n¼ 147); and for the Analysis Including Only Covariates that
Correlated with GABA (n¼ 150)

N b SE 95% CI t-statistic P-value

All subjects 150 �0.225 0.082 �0.39 to �0.07 �2.76 0.0066

No
psychotropic
medication

147 �0.234 0.082 �0.40 to �0.07 �2.85 0.0051

Only relevant
covariates

150 �0.245 0.081 �0.40 to �0.09 �3.01 0.0031

Abbreviations: b, standardized regression coefficient; SE, standard error;
95% CI, 95% confidence interval.
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same individuals so that possible changes in these levels can
be correlated with genotypes and expression of ERBB4.
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