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Abstract To determine if NMDA receptor alterations are

present in the cerebellum in schizophrenia, we measured

NMDA receptor binding and gene expression of the NMDA

receptor subunits in a post-mortem study of elderly patients

with schizophrenia and non-affected subjects. Furthermore,

we assessed influence of genetic variation in the candidate

gene neuregulin-1 (NRG1) on the expression of the NMDA

receptor in an exploratory study. Post-mortem samples from

the cerebellar cortex of ten schizophrenic patients were

compared with nine normal subjects. We investigated

NMDA receptor binding by receptor autoradiography and

gene expression of the NMDA receptor subunits NR1,

NR2A, NR2B, NR2C and NR2D by in situ hybridization.

For the genetic study, we genotyped the NRG1 polymor-

phism rs35753505 (SNP8NRG221533). Additionally, we

treated rats with the antipsychotics haloperidol or clozapine

and assessed cerebellar NMDA receptor binding and gene

expression of subunits to examine the effects of antipsy-

chotic treatment. Gene expression of the NR2D subunit was

increased in the right cerebellum of schizophrenic patients

compared to controls. Individuals carrying at least one C

allele of rs35753505 (SNP8NRG221533) showed decreased

expression of the NR2C subunit in the right cerebellum,

compared to individuals homozygous for the T allele.

Correlation with medication parameters and the animal

model revealed no treatment effects. In conclusion,

increased NR2D expression results in a hyperexcitable

NMDA receptor suggesting an adaptive effect due to

receptor hypofunction. The decreased NR2C expression in

NRG1 risk variant may cause a deficit in NMDA receptor

function. This supports the hypothesis of an abnormal

glutamatergic neurotransmission in the right cerebellum in

the pathophysiology of schizophrenia.
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Introduction

The cerebellum is known to be involved in motor control,

but positron emission tomography (PET) and functional

magnetic resonance imaging (fMRI) studies have also

shown the involvement of the cerebellum in different

cognitive tasks [2, 51]. During the last decades, the cere-

bellum has been implicated in the pathophysiology of

schizophrenia, with the cortico-thalamo-cerebellar circuit

receiving particular attention [4]. Evidence from PET as

well as structural and functional MRI studies has shown
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decreased volumes of the total cerebellum, left cerebellar

hemisphere and right vermis [60] as well as correlation of

the volume reduction with psychopathological subscores

[26, 43]. This has raised questions concerning the under-

lying biological dysfunction. 1H-spectroscopic MRI studies

have revealed decreased N-acetylaspartate (NAA) and

creatine in the anterior vermis and cortex, pointing to

altered neuronal integrity [12, 17]. Reductions of NAA

indicate a loss of functional and structural integrity of

neurons, dendrites and axons. Such neuronal dysfunctions

may involve a glutamatergic deficit in cerebellar subre-

gions of schizophrenic patients.

The glutamate hypothesis of schizophrenia is based on

the observation that phencyclidine and ketamine, which

block the ion channel of the glutamatergic N-methyl-D-

aspartate (NMDA) receptor, initiate an NMDA receptor

hypofunction and precipitate psychosis [29, 30], resulting

in a final hypoglutamatergic state of corticostriatal pro-

jections [18, 44]. The NMDA receptor is composed of

different subunits, responsible for various functional

properties [27, 39]. The obligate NR1 subunit combines

two or three NR2 subunits (NR2A, NR2B, NR2C and

NR2D) to form the functional receptor.

Studies, using brain tissue obtained from post-mortem,

have examined the expression of glutamate receptor sub-

units and support the hypothesis of a glutamate dysfunction

in schizophrenia. In contrast to neocortical brain regions,

molecular investigations of the cerebellum are sparse

concerning schizophrenia. In cerebellar Purkinje and Golgi

neurons, all NMDA receptor subunits are expressed [10,

52] and may be altered in schizophrenia. However, one

study investigating only the left cerebellar granule cell

layer showed no difference in gene expression of NMDA

receptor subunits compared to healthy controls [1]. The

expression of the NR2C subunit has been reported to be

regulated by neuregulin-1 in maturing synapses of the

cerebellar granule cells [47]. Several studies suggest NRG1

as a vulnerability gene for schizophrenia [23]. The mech-

anisms that might underlie the contribution of NRG1 risk

haplotypes to disease pathophysiology, however, remain

elusive. Particularly, the influence of NRG1 risk variants on

the expression of subunits of the NMDA receptor is

unknown.

The present study sought to determine whether the

expression of genes encoding for NR1, NR2A, NR2B,

NR2C and NR2D subunits of the NMDA receptor or

NMDA receptor binding are specifically altered in the

cerebellum. For additional investigation of a possible

influence of NRG1 genotype variation on the expression of

the NR2C subunit, we genotyped the samples for the NRG1

polymorphism rs35753505 (SNP8NRG221533). This

variant forms part of the previously reported risk haplotype

for schizophrenia, and has been described as a tagging SNP

of the core at-risk haplotype [23]. As all schizophrenic

patients in our study had been on antipsychotic medication

over long periods of time, medication effects have to be

included as a possible influential factor. Accordingly, we

conducted an additional animal study closely investigating

the effects of a typical (haloperidol) and an atypical

(clozapine) antipsychotic medication on NMDA receptor

binding and gene expression of subunits of the NMDA

receptor in different cerebellar rat brain regions after drug

administration for up to 6 months.

Method

Human post-mortem tissue

Frozen post-mortem brain samples from inpatients with

DSM-IV residual schizophrenia (n = 10) and elderly

comparison subjects (n = 9) were collected at the Central

Institute of Mental Health, Mannheim and the Department

of Neuropathology, Wiesloch, Germany. The sex distri-

bution, mean age, age at onset, duration of the disease,

duration of hospitalization, last dose and cumulative dose

during the last 10 years of antipsychotic medication in

chlorpromazine equivalents (CPE), post-mortem interval

(PMI), brain pH and storage time interval are shown in

Table 1. Complete medical charts were available for all

patients.

All schizophrenic patients had been long-term inpatients

at the State Mental Hospital in Wiesloch, Germany.

Patients were diagnosed ante mortem by an experienced

psychiatrist, who also conducted diagnostic reviews of all

medical charts. For each patient the history of antipsy-

chotic treatment was assessed by examining the medical

charts. Subject’s last dose as well as the cumulative dose

during the last 10 years of antipsychotic medication was

calculated in chlorpromazine equivalents (CPE) through

the algorithm developed by Jahn and Mussgay [28].

Autopsy consent was obtained from the donor or a family

member in all cases. The Ethics Committee of the Faculty

of Medicine of Heidelberg University, Germany, approved

all assessments and post-mortem evaluations and

procedures.

All patients and controls had undergone thorough

neuropathologic characterization to rule out associated

neurovascular or neurodegenerative disorders such as

Alzheimer’s disease and multi-infarct dementia [7, 8]. The

staging according to Braak was 2 or less for all subjects.

Patients and normal comparison subjects had no history of

alcohol or drug abuse, or severe physical illness (like

carcinoma). Normal comparison subjects had no history of

psychiatric disorders. All patients had been receiving long-

term antipsychotic medication before dying such as
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clozapine (n = 3), zotepine (n = 1), olanzapine (n = 2),

flupenthixole (n = 1), haloperidol (n = 3), perphenazine

(n = 1), pipamperone (n = 1), promethazine (n = 1), tia-

pride (n = 1) and zuclopenthixol (n = 2).

The cerebellum was dissected in the midline of the

vermis. Tissue blocks were prepared from cerebellar sub-

regions, the anterior lateral hemisphere and anterior vermis

from both hemispheres of the cerebellum. Blocks were

immediately snap-frozen in liquid nitrogen-cooled isopen-

tane, and stored at -80�C.

NRG1 rs35753505 (SNP8NRG221533), genotyping

and use of online bioinformatics tools

Sequence information for NRG1 was obtained from the

homepage of deCODE Genetics (http://decode.com/nrg1/

markers/SNPS.htm). SNP rs35753505 (SNP8NRG221533)

was genotyped using Applied Biosystems 7900HT Fast

Real-Time PCR System and TaqMan-probes designed by

Applied Biosystems (Foster City, California). Primers and

VIC/FAM-probe sequences for rs35753505 (SNP8NR

G221533) detection were: forward-50-TTTAAGGCATCA

GTTTTCAATAGCTTTTTTATGT-30; Reverse-50-AGAC

AGATGTCTCAAGAGACTGGAA-30; 50-VIC-CATGTA

TCTTTATTTTGCCAAAT-30; 50-FAM-CATGTATCTTT

ATTTTACCAAAT.

To test for functional constraint on the genomic region,

in which rs35753505 (SNP8NRG221533) is located, cross-

species conservation analysis was carried out using the

ECR browser (http://ecrbrowser.dcode.org). The ECR

browser lists human SNPs which are located in evolu-

tionary conserved regions (ECRs). ECRs are DNA regions

that have been mapped to align with other genomes and are

conserved with greater than or equal to 70% identity over

at least 100 bp [38, 45]. For ECR browser analysis, gen-

ome assemblies hg18 (human), mm8 (mouse) and rn4 (rat)

were used (ECR browser, February 2007).

Animal model of antipsychotic treatment

Animal use procedures were in strict accordance with the

NIH guide for the Care and Use of Laboratory Animals and

had been approved by the local animal ethical care com-

mittee. Male Sprague-Dawley rats (initial weight 250–

280 g, Janvier, France) were group housed 3 per cage

under a 12-h light–dark cycle and fed ad libitum. Over a

period of 6 months, 11 rats received either haloperidol

(Janssen) at 1.5 mg/kg/day diluted in minimal acetic acid,

clozapine (Novartis) at 45 mg/kg/day diluted in minimal

HCl in the drinking water adjusted to pH 6.5. Control rats

were given minimal HCl in the drinking water to match the

pH levels of the drug solutions as described before [54, 64].

After 6 months of continuous drug administration, rats

were killed by CO2. All brains were removed and frozen in

liquid isopentane before being stored at -80�C for

approximately 4 months.

Human and animal brain processing

Adjacent coronal cryostat sections of rat and human brain

tissues were processed at -20�C and were thaw-mounted

on superfrost plus microscopic slides, dried and stored as

described earlier [54, 64]. Grey matter of the human cer-

ebellar regions was delineated into the molecular and

granular layer [21]. For NMDA receptor binding we did

not investigate the molecular and granular layer separately

due to lacking optical delineation of the two layers on

tritium-sensitive films. Rat cerebellum regions were

delineated into the left and right anterior hemispheres, total

anterior vermis and a region containing all cerebellar nuclei

according to the rat brain atlas of Paxinos and Watson [48].

Table 1 Characteristics of post-mortem brain tissue from patients

with schizophrenia and normal comparison subjects

Characteristic Tissue from

patients with

schizophrenia

(n = 10)

Tissue from

normal

comparison

subjects

(n = 9)

Mean SD Mean SD

Subject’s gender (N)

Male 4 3

Female 6 6

Neuregulin-1 genotype (N)

TT 4 4

CT/CC 6 4 (1 not

determined)

Age at death (years) 63.70 12.21 64.56 14.51

Post-mortem interval (h) 17.10 8.77 27.33 26.74

pH 6.55 0.33 6.63 0.37

Storage time interval (months) 27.82 10.76 24.59 8.29

Age at onset (years) 24.60 7.36

Duration of the disease (years) 39.10 11.77

Duration of hospitalization (years) 25.10 15.32

Duration of antipsychotic

medication

(years)

35.00 9.72

Last dose of antipsychotic

medication

in chlorpromazine equivalents

(CPE in gram)

436.90 452.10

Cumulative dose (last ten years)

of antipsychotic medication in

chlorpromazine equivalents

(CPE in kilogram)

3.59 3.04
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NMDA receptor autoradiography in human and animal

brain tissue

Using quantitative in vitro receptor autoradiography,

binding to N-methyl-D-aspartate (NMDA) receptor was

performed utilizing specific ligands according to the

method by Zilles et al. [63]. Binding assays were per-

formed in the presence of 30 lM glycine and 50 lM

spermidine with 5 nM [3H]-MK-801 (dizocilpine maleate)

at 22�C for 60 min. In adjacent sections, non-specific

binding was determined by adding MK-801 in 20,000-fold

excess [10-4 m (?) MK-801] into the incubation solution.

Non-specific binding was subtracted from total binding to

obtain specific binding.

[3H]-sensitive film (Hyperfilm, Amersham) was exposed

to Tritium-labelled sections for 4 weeks. Autoradiograms

were digitized using an image analysis system (Inter Active

Systems, Interfocus Germany). The grey value images of

the co-exposed plastic C14 standards were used to compute

a calibration curve by non-linear, least-squares fitting,

which defined the relationship between grey values and

concentration of radioactivity. The plastic standards were

calibrated to tissue standards prepared from homogenized

brain tissue with known protein content in order to express

binding site densities on fmol/mg protein as described

earlier [54, 64].

In situ hybridization

The expression of NMDA receptor subunits was evaluated

by semiquantitative in situ-hybridization using specific

human and rat probes as listed in Table 2. Using subcloned

cDNA fragments as templates, we produced radioactively

labelled cRNA probes by in vitro transcription as described

earlier [38, 54]. Hybridization with antisense probes

(107 cpm/ml) was carried out at 55�C under high strin-

gency conditions [50% formamide (Sigma)] and specificity

was verified by the inclusion of sense probes. After RNAse

A digest and dehydration, X-ray films (Biomax MR1) were

exposed to slices for 2–6 days. Results were quantified

using the analysis image system (see also NMDA receptor

binding).

Materials and medication

[3H]-MK-801 was obtained from NEN (Life Science

Products, Germany). Unlabelled MK-801 was purchased

from Sigma (Taufkirchen, Germany). Haloperidol (Janssen

Research Foundation) and clozapine (Novartis, Basel,

Switzerland) were provided by the respective companies.

All other chemicals were purchased from Sigma Chemicals

(Taufkirchen, Germany).

Statistical analysis

Statistical analyses were performed with SPSS11 [42]. All

tests were two-tailed. The level of significance was defined

as P\ 0.05. Results are presented as mean ± standard

deviation.

Post-mortem human data

Distributions for all dependent variables were examined in

the two groups using histograms and the Kolmogorov–

Smirnov test on normality [35]. Though the power for the

Kolmogorov–Smirnov test was not very high due to the

small sample size, the results nevertheless suggest a normal

distribution of the data and analysis by parametric tests.

Stepwise linear regression analyses (Pin = 0.05, Pout =

0.10) with the independent variables gender, age and PMI

were performed for all dependent variables. Analyses of

covariance (ANCOVA) were conducted to test for diag-

nostic group differences. The intervening factor gender and

covariates age, PMI, storage time and brain pH were added

to our analyses, if they showed significant influence in the

initial regression analysis. Since NMDA receptor subunits

Table 2 Primer fragments used

in in situ-hybridization

assessing gene expression of N-

methyl-D-aspartic acid (NMDA)

receptor (NR) subunits in post-

mortem brain specimens from

human subjects and rats

Gene GenBank Accession

number

Fragment–position Fragment-size

(base-pairs)

Rat NR1-3a U_08266.1 2,472–2,996 525

Rat NR2A M_91561.1 4,035–4,585 551

Rat NR2B NM_008171 4,030–4,444 415

Rat NR2C NM_012575.2 1,876–2,420 544

Rat NR2D NM_022797.1 2,896–3,413 518

Human NR1 NM_000832 2,134–2,835 701

Human NR2A NM_000833 3,759–4,268 509

Human NR 2B XM_006636 4,183–4,604 415

Human NR 2C NM_000835 2,494–2,783 290

Human NR 2D U_000836 2,042–2,546 504
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were measured independently with different probes in

different experiments, differences between diagnostic

groups were assessed with independent tests for signifi-

cance. For additional investigation of the influence of

NRG1 genotype on the expression of the NR2C subunit,

ANOVA with factor NRG1 genotype (CT/CC vs. TT) was

calculated. Correlations between variables were performed

using Pearson product moment correlation coefficients.

Data from animal model

The Kolmogorov–Smirnov test on normality was applied.

Since there were significant deviations from the normal

distribution assumption, comparisons between the three

groups were analysed by Kruskal–Wallis tests and subse-

quently by two-tailed Wilcoxon Mann Whitney U tests.

Results

Gene expression of NMDA receptor subunits in the left and

right anterior hemisphere, vermis, granular and molecular

layers of the cerebellum for schizophrenic patients and

healthy controls is shown in Fig. 1. Expression of the NR2D

subunit in all right-side cerebellar regions was significantly

higher in the schizophrenia group compared with our group

of normal elderly controls (vermis: molecular layer

F = 13.26; df = 1, 14;P = 0.003, granular layerF = 6.43;

df = 1, 14; P = 0.024; hemisphere: molecular layer

F = 6.13; df = 1, 17; P = 0.024, granular layer F = 4.92;

df = 1, 17; P = 0.04). We found no difference in the left

hemisphere and vermis. NR1, NR2A, NR2B and NR2C

subunits did not differ significantly. Additionally, NMDA

receptor binding revealed no difference in any cerebellar

region between schizophrenic patients and healthy controls.

In both schizophrenic patients and normal comparison

subjects the NRG1 rs35753505 (SNP8NRG221533)

schizophrenia-risk genotypes containing at least one C allele

(CC and CT) decreased gene expression of the NR2C sub-

unit in the molecular layer of the right vermis (F = 5.2;

df = 1, 15; P = 0.037) and hemisphere (F = 4.9; df = 1,

16; P = 0.041) compared to the TT genotype (Fig. 2). In the

left side, we found no genotype-specific differences.

SNP rs35753505 (SNP8NRG221533) is localized

upstream of all transcript isoforms (RefSeq) of neuregulin

1, as shown in Fig. 3. ECR browser analysis (ECR browser,

Feb. 2007) revealed that rs35753505 (SNP8NRG221533) is

listed among human SNPs which are located in ECRs

(greater than or equal to 70% identity over at least 100 bp,

human–mouse comparison). ECR browser ‘Grab ECR’

alignment from both species in pairwise comparisons

(Fig. 4a, b) showed the base position of rs35753505

(SNP8NRG221533) localized in a long conserved

homologous stretch (human/mouse, 400 bps, 74.8% iden-

tity, hg18 chr8:31593526-31593925; human/rat, 295 bps,

73.6% identity, hg18 chr8:31593526-31593820), which

suggests selection on the genomic region harbouring the

polymorphism. The location of the ECR relative to

rs35753505 (SNP8NRG221533) and neuregulin 1 transcript

isoforms (RefSeq) is shown in Fig. 3.

Patients did not differ regarding age (F = 0.0; df = 1,

17; P = 0.89), PMI (F = 1.3; df = 1, 17; P = 0.27) and

gender (v2 = 0.1; df = 1; P = 0.76) compared to the

normal elder group (Table 1). Regression analysis

revealed a significant influence of gender (increased in

males vs. females, F = 6.2; df = 1, 16; P = 0.025) and

age (r = -0.57; df = 15; P = 0.018) on the expression

of NR2D subunit in the molecular layer of the left

hemisphere or vermis, respectively. In the left granular

layer, age had an influence on NR2A subunit (r = 0.46;

df = 17; P = 0.048) in the hemisphere and PMI on the

expression of NR1 subunits (r = -0.49; df = 16;

P = 0.039) in the vermis. Therefore, these variables were

entered to the main analyses as covariates. Duration of

illness correlated positively with gene expression of the

NR2C subunit in the molecular layer of the right hemi-

sphere (r = 0.70; df = 8; P = 0.02) and right vermis

(r = 0.71; df = 7; P = 0.03) as well as bilaterally in the

granular layer of the hemispheres (right: r = 0.69, df = 8,

P = 0.03; left: r = 0.65, df = 8, P = 0.04) and vermis

(right: r = 0.77, df = 7, P = 0.02; left: r = 0.75, df = 7,

P = 0.02). Additionally, duration of illness correlated

negatively with gene expression of the NR2D subunit in

the molecular layer (r = -0.71; df = 7; P = 0.03) and in

the granular layer (r = -0.78; df = 7; P = 0.01) of the

left vermis.

All schizophrenic patients had been exposed to anti-

psychotic medication for decades (Table 1). Furthermore,

patients had been receiving antipsychotic medication to

within 1 week of death. Duration of medication correlated

with expression of the NR2C subunit in the molecular layer

of the right hemisphere (r = 0.66; df = 8; P = 0.04) and

vermis (r = 0.69; df = 7; P = 0.04). In the molecular

layer of the left vermis, duration of medication correlated

negatively with expression of the NR2D subunit (r =

-0.73; df = 7; P = 0.03). In the granular layer of the

vermis, duration of medication correlated with expression

of the NR2C subunit (right: r = 0.82, df = 7, P = 0.01;

left: r = 0.75, df = 7, P = 0.03) and negatively with

expression of the NR2D subunit (left: r = -0.79; df = 7;

P = 0.01). There was no correlation between gene

expression of NMDA receptor subunits and last dose or

cumulative dose in CPE.

In the animal model of long-term antipsychotic treat-

ment, Kruskal–Wallis test revealed a significant group

effect of NR2C gene expression (v2 = 7.0; df = 2;
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Fig. 1 Gene expression of N-methyl-D-aspartate (NMDA) receptor

subunits NR1, NR2A, NR2B, NR2C and NR2D expressed as Bq/g

brain tissue in the molecular layer (stratum moleculare: Sm) and

granular layer (stratum granulare: Sg) of the right and left vermis and

hemispheres. NMDA receptor binding expressed as pmol/mg protein

in the right and left vermis and hemispheres. a,bSignificantly different

from comparison group a
P\ 0.05, bP\ 0.01)
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P = 0.030). As shown by a subsequent Mann–Whitney U

test expression of NR2C was increased in clozapine treated

animals compared to haloperidol treatment (Z = -2.5;

df = 1; P = 0.038). There was no significant difference in

the gene expression of NR1, NR2A, NR2B, NR2C and

NR2D subunits or NMDA receptor binding between saline-

treated rats and groups receiving clozapine or haloperidol

treatment.

Discussion

The present post-mortem studies revealed overexpression

of the NR2D subunit of the NMDA receptor in the

molecular and granular layer of the right cerebellar hemi-

sphere and vermis of elderly schizophrenic patients hos-

pitalized for the long term. These results point in the same

direction as increased expression of NR2D subunit in the

left prefrontal cortex [1]. Subtle shifts in composition of

NMDA receptors may have considerable effects on

receptor function. In contrast to receptors containing a

combination of NR1 with NR2A or NR2B subunits,

NMDA receptors assembled from NR1 and NR2D subunits

show a prolonged decay rate of glutamate-induced ion

currents and lowered threshold for voltage-dependent

magnesium blockade. This causes a ‘hyperexcitable’

receptor ensuring effective postsynaptic depolarization

when presynaptic activity is reduced [39]. Therefore, an

increased expression of NR2D subunit in schizophrenic

patients may be interpreted as a secondary regulation to

glutamatergic hypoactivity in the right cerebellum, which

was not seen in the left side. This supports results from the

left cerebellum revealing no alterations in schizophrenic

patients [1]. Additionally, we did not find alterations of

NMDA receptor binding in our sample of schizophrenic

patients.

In patients suffering from schizophrenia, decreased

NMDA receptor function has been hypothesized to lead to

glutamatergic dysfunction in cortical projections [44]. The
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Fig. 2 Gene expression of the NR2C subunit in the risk genotype

containing at least one C allele (CC/CT) compared to the TT allele in

the cerebellar molecular layer of the right hemisphere and vermis in

patients with schizophrenia and normal comparison subjects

expressed as Bq/g brain tissue. aSignificantly different from compar-

ison group aP\ 0.05

Fig. 3 Human: localization of rs35753505 (SNP8NRG221533) rel-

ative to NRG1 transcripts (RefSeq). Mouse and rat: localization of the

evolutionary conserved region (ECR) in red, in which the human SNP

is located. The orientation of the mouse sequence is reversed since

mouse Nrg1 is coded by the opposite strand. ECR coordinates refer to

the annotations of the ECR browser (hg18, February 2007) and of the

UCSC Genome Browser for mm9 and rn4 assemblies, respectively
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schizophrenic phenotype may then appear in young adult-

hood, when the brain becomes vulnerable to the pre-existing

NMDA receptor hypofunction [19]. Genetic factors can

influence the brain and different risk genes associated with

schizophrenia are known to influence the glutamatergic

NMDA receptor such as dysbindin, metabotropic glutamate

receptor 3, prolindehydrogenase, G72, DAAO and NRG1

leading to an NMDA receptor hypofunction. Several studies

have identified the NRG1 gene as a candidate gene for

schizophrenia [23, 33]. The originally reported core at-risk

haplotype consists of two microsatellite markers and five

single nucleotide ploymorphosms (SNPs) [58]. The core

at-risk haplotype of seven markers can be identified

using only three markers (the SNP SNP8NRG221533

and the two microsatellites 478B14-848 and 420M9-1395)

[59]. As typing of the microsatellite markers results in

very small sample groups for each allelic type, we

focused on genotyping of the frequent SNP rs35753505

(SNP8NRG221533), which showed the best uncorrected

single marker association in the study of Stefansson et al.

[58] and is a commonly reported marker in schizophrenia

association studies [for metaanalysis/review see: 34, 40,

53, 59]. Positive association findings with rs35753505

(SNP8NRG221533) and schizophrenia or schizophrenia-

related phenotypes were reported: schizophrenia [57, 58,

62]; NRG1 SNP8NRG221533 and IL-1B -511 genotypes in

combination [20, 22]; nondeficit schizophrenia [5]; response

to conventional antipsychotics [31]; fractional anisotropy,

which reflects structural integrity of white matter [61]; P300

latency [9]; activation in brain regions important for

schizophrenia [32].

The localization of rs35753505 (SNP8NRG221533) in an

ECR suggests selection and possible functional importance

of the DNA sequence which harbours this polymorphism.

Among distantly related mammals, only a few percent of the

noncoding sequence is conserved, and within these regions

occurrence of functional variation has been suggested [15].

The code that underlies vertebrate gene regulation is still

not well understood [49]. Despite this uncertainty, evolu-

tionary sequence conservation is considered a reliable

indicator of biological activity [49], and several noncoding

ECRs were validated as enhancers [13, 38, 41, 49, 50].

Noncoding, intergenic or intronic, sequence identity

greater than or equal to 70% over at least 100 base pairs in

orthologous human–mouse alignments is a commonly used

threshold to detect ECRs [13–15, 37, 38, 41, 45, 49].

The localization of the ECR in which rs35753505

(SNP8NRG221533) is located, together with the position

upstream of the transcriptional start sites of all NRG1

transcript isoforms (RefSeq), as displayed in Fig. 3, sug-

gests that this chromosomal region may be of importance

for the transcriptional regulation of NRG1.

ECR :: Evolutionary 

Conserved Region 
Human[hg18] - Mouse[mm8] ECR

Type 400 bps, 74.8% identity 

Location chr8:31593526-31593925[hg18]

GC count 
Human .. GC: 31.75%, AT:68.25%, OTHER: 0.00%   

Mouse .. GC: 33.75%, AT: 66.25%, OTHER: 0.00%  

Alignment

ECR :: Evolutionary 

Conserved Region 
Human[hg18] - Rat[rn4] ECR

Type 295 bps, 73.6% identity 

Location chr8:31593526-31593820[hg18]

GC count 
Human .. GC: 31.19%, AT:68.81%, OTHER: 0.00%   

Rat .. GC: 33.22%, AT: 66.78%, OTHER: 0.00%  

Alignment

A

B

Fig. 4 ECR browser ‘Grab ECR’ alignment from both species in

pairwise comparisons (ECR browser, February 2007). a human/

mouse ECR, b human/rat ECR. Position of rs35753505

(SNP8NRG221533) is highlighted in grey. Additionally, the length,

percentage identity, G ? C content and genomic coordinates of the

ECR are given
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The neuregulin-b isoform of NRG1 is known to induce

gene expression of the NR2C subunit in cerebellar neurons

[47], but is not the one in closest proximity to rs35753505

(SNP8NRG221533), rather suggesting an influence of the

polymorphism on the GGF2-isoform of NRG1. It was

proposed that neuregulin 1-coded signal molecules exert

influence on NMDA receptor subunit NR2C expression in

a transsynaptic mode: presynaptically located neuregulin

1-coded proteins are signal-dependent proteolytically

cleaved, the extracellular fragment released into the syn-

aptic cleft, where it binds to postsynaptic ErB receptors.

Activated ErB receptors then translocate to the nucleus and

influence postsynaptic NMDA receptor gene expression,

thus mediating the information from neuregulin 1-coded

proteins on the subunit composition of NMDA receptors in

the postsynaptic cell [46, 56]. Yet, the complete mecha-

nisms underlying the contribution of NRG1 risk genotypes

to disease pathophysiology remain elusive.

To the best of our knowledge, the impact of genetic

variation in NRG1 on the expression of NMDA receptor

subunits has not been studied so far. Our exploratory study

suggests that NRG1 may be involved in the regulation of

the expression of the NR2C subunit. In brain tissue with

genotypes containing at least one C allele of rs35753505

(SNP8NRG221533), NR2C expression was decreased.

This finding was confined to the molecular layer of the

right cerebellum. Decreased expression may then lead to an

NMDA receptor hypofunction, since NR2C, as a major

NMDA receptor subunit of the cerebellum, exhibits less

marked voltage-sensitive magnesium blockade and pro-

longed decay rate of glutamate-induced ion currents [39].

A deficiency in this subunit may cause decreased receptor

activation during glutamatergic stimulation and, as a con-

sequence, diminished synaptic sprouting [36]. However,

we would like to point out that the results of our genetic

study should be viewed with caution, given that we pursued

an exploratory strategy, which did not include an adjust-

ment for multiple testing. Moreover, it is based on a limited

sample size. Thus, a replication of our finding in a larger

sample is warranted in order to evaluate the role of NRG1

polymorphism in the expression of NR2C subunits.

Beside its motor function, the cerebellum is activated

during attention [3]. Moreover, the cerebellum is lateral-

ized and, as shown in an fMRI study, the right cerebellum

and the left prefrontal cortex are both activated during a

silent fluency task in right-handed healthy subjects [24]. It

has been proposed that a cortical-thalamic-cerebellar-cor-

tical circuit may be disturbed in the pathophysiology of

schizophrenia and may lead to a misconnection syndrome

with consecutive impairments of cognitive processes [4].

Cognitive functioning depends on the plasticity mediated,

in part, by NMDA receptors [11]. Consistent with

this, 1H-MRS as well as gene expression studies in

schizophrenia reveal a hypoglutamatergic deficit in the left

prefrontal cortex [1, 6], thalamus [25, 55] and cerebellum

[16]. In the granule cell layer of the cerebellar cortex, the

glutamatergic synaptic protein complexin II was reduced at

the mRNA and protein level in schizophrenia patients

compared to healthy controls [16]. However, these authors

did not distinguish between the left and right hemisphere.

Inline with this study, our results suggest a hypoglutama-

tergic deficit in schizophrenia. In this respect, our study is

the first to describe lateralized alterations on the molecular

level.

Since all patients involved in this study had been treated

with antipsychotics over decades, medication effects may

have influenced our results. In both sides of the cerebellum,

expression of the NR2C subunit correlated with the dura-

tion of medication and our animal study revealed increased

expression in clozapine-treated rats compared to haloperi-

dol treatment. Therefore, clozapine may be superior to

haloperidol in restoring a deficit of NR2C expression in the

right cerebellum. However, it must also be noted that the

study showed no differences between saline-treated rats

and treatment groups. Additionally, duration of medication

seemed to influence expression of the NR2D subunit only

in the left cerebellum where we did not detect differences

between patients and normal comparison subjects. In

contrast, duration of illness may have an influence on

NR2C and NR2D expression, but again, on the right side,

where we only found diagnostic effects for NR2D

expression, and observed no significant correlations with

duration of illness.

A limiting factor of our study is its small sample and the

ensuing fact that results will become insignificant after

corrections for multiple testing. Thus, the results of this

explorative study should be verified in a larger sample.

Since many findings in post-mortem tissue are not specific

for schizophrenia, psychiatric patients with other diagnoses

such as bipolar disorder should be investigated to show

disease-specific effects on NMDA receptor expression.

Moreover, since we did not investigate protein levels of

NMDA receptor subunits, it is not clear, if changes in the

level of the mRNA transcript also reflect changes in protein

levels, again limiting our conclusions. A complex interac-

tion of genes, such as NRG1 (or other promising vulnera-

bility genes) and environmental factors may contribute to

the aetiology of schizophrenia. Although the results of our

study point to alterations in gene expression of NMDA

receptor subunits, further studies are warranted to elucidate

the precise nature of the glutamatergic hypofunction in

schizophrenia.
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