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Abstract The diacylglycerol kinase eta (DGKH) gene,

first identified in a genome-wide association study, is one

of the few replicated risk genes of bipolar affective disor-

der (BD). Following initial positive studies, it not only was

found to be associated with BD but also implicated in the

etiology of other psychiatric disorders featuring affective

symptoms, rendering DGKH a cross-disorder risk gene.

However, the (patho-)physiological role of the encoded

enzyme is still elusive. In the present study, we investi-

gated primarily the influence of a risk haplotype on

amygdala volume in patients suffering from schizophrenia

or BD as well as healthy controls and four single nucleotide

polymorphisms conveying risk. There was a significant

association of the DGKH risk haplotype with increased

amygdala volume in BD, but not in schizophrenia or

healthy controls. These findings add to the notion of a role

of DGKH in the pathogenesis of BD.

Keywords DGKH � Bipolar disorder � Schizophrenia �
Amygdala � Structural MRI

Introduction

Schizophrenia (SCZ) and bipolar affective disorder (BD)

are highly genetic disorders, with a heritability of up to

70 % as estimated on the basis of family and twin studies

[3, 11, 20, 43]. Formal genetic but also molecular studies

argue that at least a proportion of the genetic risk between

both disorders is shared [9]. Genome-wide association

studies (GWAS) already detected various common risk

gene variants conveying a small contribution to the overall

risk of these disorders; however, replication studies often
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failed to confirm the findings. Nevertheless, some genes

emerged which could be replicated in several studies or

across phenotypes, such as CACNA1C [31]. Another well-

replicated risk gene for BD is DGKH, which codes for the

enzyme diacylglycerol kinase eta (DGKg) [52]. DGKH

was first identified as a BD risk gene in a GWAS carried

out by Baum and associates [4]; later, it could be confirmed

to be associated with BD risk in several case–control

studies [36, 44, 50, 52], although there were also con-

flicting findings [37]. Our group has recently suggested that

DGKH is also associated with adult attention-deficit/

hyperactivity disorder (aADHD) as well as major depres-

sion, suggesting that its association is not specific for BD

but rather a broader phenotype characterized by affective

symptoms and/or emotional processing [44]. Further add-

ing to the evidence that DGKH has a role in BD, a post-

mortem study found DGKH mRNA to be increased in the

brain of bipolar subjects as well as in patients having

suffered from schizophrenia [23].

On the molecular level, DGKg plays an important role

in the inositol triphosphate second messenger pathway by

catalyzing the metabolism of diacylglycerol (DAG) to

phosphatidic acid. DAG is a necessary cofactor for many

isoforms of protein kinase C (PKC). Therefore, DGKH

regulates the activity of PKC isoforms which play a key

role in various signaling pathways [28, 40]. Intriguingly,

lithium, the first-line maintenance treatment for bipolar

disorder [27, 49], also influences the inositol trisphosphate

(IP3) second messenger pathway and PKC signaling [8].

On the systemic level, a DGKH risk variant was studied for

its impact on brain functioning: Individuals at high familial

risk for BD and carrying a DGKH risk haplotype

(rs9315885, rs1012053, rs1170191, TAC) displayed dif-

ferential brain activity within the left medial frontal gyrus,

the left precuneus, and the right parahippocampal gyrus

during a verbal fluency task in an MRI study [45]. To our

knowledge, no study has, however, investigated whether

genetic risk conveyed by DGKH has an influence on

structural MRI measures. As outlined above, DGKH seems

to be implicated in a wider range of disorders, but espe-

cially in BD and SCZ, confirmed by the results from Moya

et al. [23]. Hence, the effect of DKGH variants on brain

structure might also be found across those two disorders.

One of the key regions implicated in emotional regulation

and processing is the amygdala [7, 25, 39]. In SCZ and BD,

structural and functional alterations of the amygdala have

been reported [2, 5, 19] and risk genes may play a role in

those abnormalities [47]. The same sample (including an

additional group of obsessive–compulsive patients) has

been previously analyzed regarding influence of CACNA1C

risk genotypes on brain volume. In this previous analysis,

the CACNA1C genotype showed a significant effect on

relative amygdala volume in patients with schizophrenia

and genotype specific effects on amygdala volume of

hemisphere and diagnosis in patients with BD and

schizophrenia [47]. As in this former analysis, the CAC-

NA1C genotype did explain inter-individual differences in

amygdala volume among schizophrenia patients, but only

to a small extent among bipolar patients, we decided to

perform an additional exploratory analysis regarding the

DGKH gene. In the present study, we thus analyzed whe-

ther primarily a DGKH risk haplotype (rs994856/

rs9525580/rs9525584 GAT) and/or risk polymorphisms in

DGKH (rs994856, rs9525580, rs9525584, rs9315885), as

identified and replicated in previous studies [4, 24, 44], are

associated with changes in amygdala volume in patients

with BD, schizophrenia, or healthy controls.

Materials and methods

Participants

Participants in this study were 18 healthy unrelated par-

ticipants, 23 patients with first-episode schizophrenia, and

30 euthymic patients with bipolar I disorder (YMRS B10

and MADRS B11). Diagnosis according to DSM-IV cri-

teria was obtained using the German version of the

Structural Clinical Interview for DSM-IV applied by

board-certified study psychiatrists (O.G., and H.S. and

T.W.) from the Department of Psychiatry and Psycho-

therapy at Saarland University Hospital and confirmed by

the treating psychiatrist. Participants were Caucasian

Europeans, mostly Germans and recruited from the Saar-

land area. Most patients received a stable medication,

including first- and second-generation antipsychotics,

antidepressants, and/or mood stabilizers at the time of the

study. Demographic and clinical data are presented in

Table 1. Exclusion criteria for patients and controls were

MRI contraindications, organic disorders of the central

nervous system (e.g., infectious, toxic or cerebrovascular

disease, traumatic brain injury and epilepsy), mental

retardation, or severe German language difficulties.

Exclusion criteria for healthy controls were past or present

psychiatric, neurological or severe medical disorder, and a

positive family history of psychiatric disorders. Severity of

clinical symptoms was evaluated with Positive and Nega-

tive Symptom Scales (PANSS) in patients with SCZ and

the Young Mania Rating Scale (YMRS) in BD patients as

well as the Montgomery–Åsberg Depression Rating Scale

(MADRS). A detailed description of the study sample

investigated in the present work is available elsewhere

[47]. The study was in accordance with the Declaration of

Helsinki and approved by the local ethics committee. Prior

to participation, patients and controls gave written

informed consent.
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Table 1 Demographic and clinical data DGKH haplotype analysis

Demographic and clinical data

Genotype (n) No GAT C1 GAT df F p

Control subjects 13 5

Schizophrenia 10 13

Bipolar disorder 15 15 2 3.61 0.16

n m SEM n m SEM df F p

Age at MRI (years)

Control 13 31 11.37 5 39.40 15.50

Schizophrenia 10 26.98 5.84 13 30.90 8.12

Bipolar disorder 15 42.09 12.46 15 45.82 12.47

Total 38 34.32 12.32 33 38.97 13.52 1.65 0.23 0.79

Education (years)

Control 13 14.42 2.61 5 15.80 3.03

Schizophrenia 10 13.40 3.03 13 12.96 2.71

Bipolar disorder 15 13.53 2.56 15 14.23 3.23

Total 38 13.80 2.67 33 13.97 13.97 1.65 0.50 0.61

Sex (males/females) df v2 p

Control 3/10 3/2

Schizophrenia 8/2 10/3

Bipolar disorder 6/9 9/6

Total 17/21 22/11 1 3.43 0.06

Hand preference (right/not right)

Control 11/2 4/1

Schizophrenia 8/2 11/2

Bipolar disorder 12/3 15/0

Total 31/7 30/3 1 1.27 0.26

No GAT C1 GAT GAT haplotype

n m SD n m SD df F p

Bipolar: disease duration (years) 15 11.53 8.32 15 19.07 12.89 1.28 3.62 0.07

Bipolar: age at onset (years) 14 30.29 12.73 15 26.67 3.70 1.27 1.11 0.30

Bipolar: number of depressive episodes (max. 20) 14 6.86 6.74 15 7.93 7.74 1.27 0.16 0.69

Bipolar: number of manic episodes (max. 20) 14 6.79 7.51 15 9.33 9.06 1.27 0.67 0.42

Bipolar: MADRS (score) 15 5.67 3.68 15 4.07 3.41 1.28 1.53 0.23

Bipolar: YMRS (score) 15 3.67 3.37 15 1.47 1.85 1.28 4.91 0.04

Bipolar: CPZ daily dose 6 529.17 488.47 4 525.00 377.49 1.80 0.00 0.99

No GAT C1 GAT df v2 p

Bipolar: psychotic symptoms (no/yes) 10/5 11/4 1 0.16 0.69

Bipolar: antipsychotics (none/typic/atypic) 8/2/5 8/2/5 2 0 1.00

Bipolar: lithium (no/yes) 10/5 9/6 1 0.14 0.71

Bipolar: other mood stabilizer (no/yes) 5/10 2/13 1 1.68 0.20

Benzodiazepine (no/yes) 12/3 13/2 1 0.24 0.62

Antidepressants (no/yes) 8/7 11/4 1 1.29 0.26
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MRI acquisition and volumetric measurement

MRI scans were produced with a 1.5 T Magnetom Sonata

(Siemens, Erlangen). A T1-weighted, magnetization pre-

pared rapid gradient echo sequence (MPRAGE, echo time:

TE = 4 ms, repetition time: TR = 1,900 ms, inversion

time: TI = 700 ms, flip angle = 15�, image matrix =

256 9 256 mm) to allow a clear distinction between gray

and white matter, slice thickness = 1 mm, no gap, gener-

ating 176 consecutive sagittal slices with a voxel size of

1 mm3 was used. The images were re-orientated and

aligned parallel to the anterior–posterior commissural axis,

and the origin was set to the anterior commissure. Image

processing and volumetric analysis was performed using

the software packages MRIcro and Analyze (Freeware,

Chris Rorden). MRI images were converted into MRIcro

files for manual tracing of the amygdala in each slice.

Multiplication of the traced area on each slice by slice

thickness, and the sum of all volumes were calculated to

generate the total volume of the amygdala for each

hemisphere.

Additionally, Statistical Parametric Mapping (SPM99)

and MATLAB were applied exclusively for the assessment

of the gray matter (GM) volume from total brain. Using the

SPM99 segmentation tool, brains were segmented into

GM, white matter (WM), and cerebrospinal fluid (CSF) to

calculate total GM volume according to the voxel number.

A trained image analyst who was blind to the diagnosis

or genotype of the participant used the MRIcro software to

perform the manual tracing. Amygdala volume was mea-

sured by direct manual tracing of the boundaries as pre-

viously described in own previous work [42]. The intra-

rater reliability assessed by intra-class correlation coeffi-

cients (ICC) was sufficiently high for amygdala (right side:

ICC = 0.98, left side: ICC = 0.98) volume measurement.

Statistical analysis was performed on relative volumes

corresponding to the volume of the right or left amygdala

divided by total brain GM volume to adjust for differences

in individual head size.

Genotyping

DNA was extracted from venous blood from EDTA tubes

using a standard de-salting method. Genotyping was per-

formed using Sequenom’s MassArray� system (Sequenom,

San Diego, CA) coupled to a Bruker Autoflex mass spec-

trometer (Bruker Daltonics, Bremen, Germany) according

to the instructions supplied by the manufacturer. All PCR

reactions were done using the iPlex� chemistry (Seque-

nom, San Diego, CA) following the manufacturer’s stan-

dard operation procedure. Further details including primer

sequences have been published previously [44].

Statistical analysis

All tests were performed with SPSS statistical software

(IBMTMSPSS Statistics 20). Significance level was set at

a = 0.05, all tests were two-tailed. Dependent variable was

relative amygdala volume (left, right). Independent factors

were diagnosis, DGKH risk haplotype GAT and four SNPs

in the DGKH gene selected from previous studies

(rs994856, rs9525580, rs9525584, rs9315885). Only the

analyses on risk haplotype GAT were of primary interest.

Data were tested on normal distribution with Kolmogorov–

Table 1 continued

No GAT C1 GAT GAT haplotype

n m SD n m SD df F p

SCZ: duration of psychosis until U1 (weeks) 10 68.30 80.51 13 42.15 39.12 1.21 1.06 0.32

SCZ: prodrome duration until U1 (weeks) 10 251.4 235.81 13 156.62 122.88 1.21 1.56 0.23

SCZ: PANSS positive (U0) 10 21.10 4.20 13 21.92 7.65 1.21 0.09 0.76

SCZ: PANSS negative (U0) 10 24.70 5.46 13 21.00 7.38 1.21 1.76 0.20

SCZ: PANSS general (U0) 10 51.40 9.48 13 45.23 8.55 1.21 2.68 0.12

SCZ: PANSS total (U0) 10 97.20 16.12 13 88.15 16.23 1.21 1.77 0.20

SCZ: CGI (U0) 10 5.90 0.74 13 5.54 0.66 1.21 1.53 0.23

SCZ: GAF (U0) 10 29.60 13.30 13 32.23 13.86 1.21 0.21 0.65

SCZ: MMSE (U1) 10 29.60 0.70 13 29.69 0.86 1.21 0.08 0.78

SCZ: CPZ daily dose 10 408.00 264.32 13 365.38 454.80 1.21 0.07 0.80

Schizo.: CPZ cumulative dose 10 12,664.00 11,301.36 13 10,310.00 21,719.77 1.21 0.10 0.76

Bold values indicate statistical significance

MADRS Montgomery–Åsperg Depression Scale, YMRS Young Mania Rating Scale, CPZ chlorpromazine equivalents, PANSS Positive and

Negative Syndrome Scale, CGI Clinical Global Impression Scale, GAF global assessment of functioning, MMSE mini-mental state examination,

n number, m mean value, SD standard deviation, p p value
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Smirnov test, v2 tests were used to check Hardy–Weinberg

equilibrium (df = 2) and the distribution of sex (df = 1)

and diagnosis (df = 2) across the GAT haplotypes.

Demographic variables were compared between the

genetic groups with v2 tests and analysis of variance

(ANOVA). The influence of demographic variables and

medicament effects on dependent variables was analyzed

with ANOVA and Pearson’s correlation. An age-adjusted

duration of illness was constructed as follows: we calcu-

lated the individual age at the beginning of the study minus

individual age at onset of illness plus mean age at onset of

all schizophrenic patients or of all bipolar patients,

respectively. For the controls, the individual age at the

beginning of the study was taken. This adjustment,

enabling us to control for age and disease duration simul-

taneously, was necessary since there is no available disease

duration data for controls [30].

Repeated measures ANCOVA with hemisphere as

within-subject factor (left, right) and diagnosis, genotype,

and sex as between-subject factors and age-adjusted dis-

ease duration as a covariate was computed for relative

amygdala volumes. In case of significance, as subgroup

analyses, genotypes were analyzed separately for left and

right volumes on the one hand and for schizophrenia

patients and patients with bipolar disorder on the other

hand.

Power analysis

Post hoc power analysis for main hypothesis was computed

with G*Power 3.1 [12]. A repeated measures ANOVA

model, between-subject factor DGKH (two groups: no

GAT/1 or more GAT), a medium effect size as observed

for the DGKH effects on relative amygdala volumes (par-

tial g2 = 0.08), a = 0.05, two measurements (right/left

hemisphere), and a correlation between the measurements

(right, left) of r = 0.5 were assumed. A sufficient power of

1 - ß = 0.81 was achieved.

Results

Demographic variables

Amygdala relative volumes were normally distributed

(relative amygdala volume: left: Z = 0.46, p = 0.98, right:

Z = 0.38, p = 0.99), and data were in the Hardy–Wein-

berg equilibrium (p [ 0.15 for every SNP). Independent

sample t tests (a-level 0.05; two-tailed; degrees of free-

dom = 70) were used to test whether genotype groups

differed according to age or years of education (Table 1)

and no significant difference was found between groups. v2

tests on independence were used to check whether the

distribution was different for sex and handedness between

genetic groups and demonstrated no significant difference

for hand preference, but a difference by trend regarding

sex. The GAT haplotype occurred more frequently in male

participants by trend (p = 0.064) (Table 1).

There were significant influences of factor diagnosis on

left amygdala volume (highest volume in controls, lowest

volume in schizophrenia patients, F = 5.9, df = 2, 65,

p = 0.004). Furthermore, there were significant interac-

tions between diagnosis and sex for the left (F = 3.9,

df = 2, 65, p = 0.026) and for the right (F = 4.4, df = 2,

65, p = 0.016) amygdala. Male controls featured the

highest volume, while in the female groups bipolar patients

had the highest volume. Main analyses were adjusted for

diagnosis, sex, and age-adjusted duration of illness. There

were no significant influences of handedness or duration of

education on amygdala volume. Patients with BD who

were taking lithium had increased right amygdala volumes

in comparison with patients not taking lithium (?12 %,

F = 4.3, df = 1, 28, p = 0.047). There were no other

significant influences of factor lithium on amygdala vol-

ume. In the schizophrenia group, there were no significant

correlations between chlorpromazine equivalents (CPZ)

and amygdala volumes.

GAT haplotype influence on amygdala volume

Considering the effects of the risk haplotype, repeated

measures ANCOVA for relative amygdala volumes

revealed a significant effect for factor DGKH GAT hap-

lotype (F = 4.6, df = 1, 57, p = 0.035, effect size partial

g2 = 0.08). A main effect for hemisphere was observed

(F = 50.4, df = 1, 57, p \ 0.0005, volume right [left).

Following separate analysis for right and left side showed

significant effects of diagnosis for the left amygdala

(F = 7.2, df = 2, 57, p = 0.002, highest volume in con-

trols and lowest in schizophrenic patients). There was no

significant interaction between sex and genotype on

amygdala volume. There were no significant effects of the

DGKH genotype on the left amygdala volume (F = 1.8,

df = 1, 57, p = 0.19). For more details, see Fig. 1.

Regarding the right amygdala, there were significant

effects of the DGKH haplotype on volume (F = 6.3,

df = 1, 57, p = 0.015, partial g2 = 0.10), in that risk

haplotype carriers had increased volumes. For details, see

Fig. 2.

A sub-analysis on BD and schizophrenia alone com-

pared to healthy controls (ANOVA, between-subject fac-

tors DGKH, sex; inner-subject factor hemisphere, covariate

age/disease duration; followed by side-separated analysis)

revealed an association of the DGKH GAT haplotype with

increased amygdala volume in the bipolar patients

(F = 4.3, df = 1, 24, p \ 0.05, partial g2 = 0.15), but not
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in schizophrenia patients and controls (Figs. 1, 2). Addi-

tionally, there were significant sex (F = 11.0, df = 1, 24,

p = 0.004) and hemisphere effects (F = 35.8, df = 1, 24,

p \ 0.0005) in bipolar patients. The relative volume of the

right amygdala was larger than on the left side and females

had an increased volume as compared to males. Subsequent

univariate analysis showed significant effects of DGKH

genotype on left amygdala (F = 7.8, df = 1, 24,

p = 0.010, partial g2 = 0.24) and also significant sex

effects (left: F = 7.3, df = 1, 24, p = 0.013, right:

F = 9.2, df = 1, 24, p = 0.006). These data did not

change when lithium effects were controlled for.

Besides a significant effect for SNP rs9525580 on rel-

ative amygdala volume, left side (F = 5.6, df = 1, 52,

p = 0.021, partial g2 = 0.10, increased for C allele carri-

ers), single marker analysis revealed no significant DGKH

effects (see Table 2).

Discussion

In the present study, we demonstrated that a DGKH risk

haplotype, identified in a previous study [44], influences

amygdala volume in BD, but not in schizophrenia patients

or healthy controls. Only one of the additionally examined

single nucleotide polymorphisms (rs994856, rs9525580,

rs9525584, rs9315885) was significantly associated with

amygdala volume, rs9525580, supposedly being the variant

conveying the effect on amygdala volume. In our previous

study, rs9525580 was one of the two single markers that

have been shown to be associated with bipolar disorder, but

also with adult ADHD [44]. However, in the actual ana-

lysis, this was only a secondary and exploratory finding.

Thus, if rs9525580 is the ‘‘true,’’ causal variant has yet to

be replicated in future studies.

A recent meta-analysis of brain volumetric studies in

bipolar patients provides evidence for a reduction in whole

brain volume, enlargement of left and right ventricles, and

an increased volume of the globus pallidus in bipolar

patients. When comparing BD to schizophrenia, increased

right amygdala volume in BD was described by Arnone

and colleagues. No difference to controls, however, was

detected in this meta-analysis [2]. Findings with respect to

volumetric measurements of the amygdala in BD are,

however, inconsistent, which might account for this nega-

tive finding. While some studies reported increased volume

as compared to healthy controls [29], others argued for a

volume reduction [10, 46] or even no difference at all [17,

26, 34, 35, 41, 51]. The inconsistencies in those previous

findings could be due to different samples sizes, comor-

bidities of the participants or heterogeneity of the medi-

cation (especially lithium, as suggested by Hajek and

associates), and endophenotypes [15]. Also seems age to

play an important role regarding amygdala volumes in

bipolar patients. A recent mega-analysis, which examined

meta-analysis as well as unpublished date of structural

MRI studies of bipolar patients, provided evidence that

bipolar patients had increased right lateral ventricular, left

temporal lobe, and right putamen volumes. Differences in

amygdala and hippocampal volumes were detected

between healthy controls and first-episode bipolar patients;

the latter had reduced cerebral, amygdala, and

Fig. 1 Relative left amygdala volume for bipolar disorder (BD),

schizophrenia (SCZ), and healthy controls (CTRL). ALL includes BD

and SCZ without CTRL. The graph displays mean values and

standard deviations. GAT haplotype carriers in the BD group had a

significantly greater amygdala volume (adjusted for total brain

volume) compared to subjects carrying no GAT haplotype. *p \ 0.05

Fig. 2 Relative right amygdala volume for bipolar disorder (BD),

schizophrenia (SCZ), and healthy controls (CTRL). The graph

displays mean values and standard deviations. GAT haplotype

carriers in the CTRL group, BD, and SCZ as one group (ALL) had

a significantly greater amygdala volume (adjusted for total brain

volume), compared to subjects carrying no GAT haplotype. *p \ 0.05
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hippocampus volumes, but there was a significantly

increase in bipolar patients who received lithium in both

hippocampus and amygdala volumes [18]. The influence of

lithium could be replicated in the present study, at least for

its effects on amygdala volume, as bipolar patients taking

lithium showed a larger relative amygdala volume con-

cordant with previous studies [13, 16, 42]. Including lith-

ium medication as a factor did, however, not change the

significant influence of the DGKH GAT haplotype on

amygdala volume. In the present study, it could interest-

ingly be shown that genetic variants of DGKH, whose gene

product plays a role in a lithium-sensitive pathway, cause a

similar effect on amygdala volume as lithium itself. Lith-

ium may increase amygdala volume due to neurotrophic

effects, e.g., by increasing the expression of neurotrophic

factors [14, 22], but the potential molecular mechanism of

DGKH variants on brain volume is still elusive.

The physiological role of DGKH, as gene product of

DKGH, is not fully understood. DGK eta belongs to a

family of lipid kinases and catalyzes the metabolization of

DAG to phosphatidic acid [28]. DAG is produced by

cleavage of PIP2 into IP3 and DAG by phospholipase C.

DAG in turn activates PKC which phosphorylates and

thereby regulates proteins of various pathways [38].

Among others, PKC phosphorylates Disheveled, an inhib-

itor of GSK3b, the latter of which is known to be inhibited

by lithium [32]. Lithium also reduces PKC activity by

inhibiting inositol monophosphates [6]. The converging

pathway that leads to an increase in amygdala volume due

to lithium treatment and due to the DGKH risk haplotype

could involve PKC signaling. The specific molecular

mechanisms how genetic variation within DGKH contrib-

utes to the pathogenesis of BD in general, however, still

remain unclear. It has been speculated that genetically

induced decreased DGK eta activity cause increased PKC

activity as mentioned above and subsequent downstream

pathways may have an impact on further pathomechanisms

of BD [21, 33]. To our best knowledge, only a single study

demonstrated increased expression of DGKH in the pre-

frontal cortex of bipolar patients [23], while expressional

analysis of other brain regions do not yet exist. PKC sig-

naling has been suspected to play a role in the patho-

physiology of bipolar disorder and PKC inhibiting agents

have been shown to have anti-manic properties, at least in

animal models [1]. Given that DGK eta in its physiological

role and lithium both induce a reduction of PKC signaling,

this strongly argues for alterations of this pathway as a

basis of the influence on amygdala volume. In what manner

the described DGKH haplotype could affect amygdala

volume specifically in bipolar patients only can be specu-

lated on because of the still unclear physiological role of

DAG eta in the human brain and the unknown molecular

mechanisms of its involvement in the pathogenesis of

bipolar disorder. Knockdown of DGKg in HELA cells lead

to a proliferation defect because the enzyme seems to act as

a regulatory component of the Ras/B-Raf/C-Raf/MEK/

Table 2 Association of single

DGKH SNPs with brain

volume, cross-disorder analysis

Results from ANCOVA (factor

DGKH SNP, diagnosis, sex,

covariate age/disease duration)

Bold value indicates statistical

significance

n Number, m mean value, sd

standard deviation, % Diff.

difference in percentage terms,

df degrees of freedom,

F F statistics, p p value

DGKH_rs994856 G/AG A % diff. Factor genotype

m n SD m n SD A versus G/AG df F p

Relative amygdala volume left 0.18 47 0.03 0.17 18 0.02 -3.4 1, 51 0.6 0.43

Relative amygdala volume right 0.20 47 0.03 0.19 18 0.03 -3.3 1, 51 0.5 0.48

DGKH_rs9525580 A/AG G % diff. Factor genotype

m n SD m n SD G versus

A/AG

df F p

Relative amygdala volume left 0.18 37 0.03 0.17 33 0.03 -5.9 1, 56 1.9 0.18

Relative amygdala volume

right

0.20 37 0.03 0.19 33 0.03 -7.3 1, 56 3.0 0.089

DGKH_rs9525584 T C/TC % diff. Factor genotype

m n SD m n SD C/TC versus T df F p

Relative amygdala volume

left

0.18 18 0.03 0.17 51 0.03 -1.5 1, 55 0.1 0.82

Relative amygdala volume

right

0.20 18 0.04 0.19 51 0.03 -1.5 1, 55 0.1 0.82

DGKH_rs9315885

Relative amygdala volume

left

0.17 30 0.03 0.18 36.0 0.03 7.9 1, 52 5.6 0.021

Relative amygdala volume

right

0.19 30 0.03 0.20 36.0 0.03 5.6 1, 52 3.5 0.069
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ERK signaling cascade [48]. In mice, Dgkh expression

seems to be altered in raphe and amygdala dependent on

prenatal environment of their mothers (Post and Reif, in

preparation). It might thus be speculated that altered

DGKH gene function due to genetic (rather than regula-

tory) variation might in particular affect the amygdala as

well. The molecular mechanisms, how alterations in

DGKH affect amygdala volume, however, remain elusive

due to a dearth of data on the function of this protein.

Given that the DAG pathway plays a pivotal role in neu-

ronal development, a contribution of DGKH to amygdala

plasticity seems, however, plausible.

Several methodological limitations need to be consid-

ered for the interpretation of the results of this study. First,

the numbers of participants in the different subgroups are

rather small. Second, there were a higher number of male

risk haplotype carriers. As the genotype effect in the BD

group was more pronounced in the female patients, the

influence of the risk genotype could be interacting with

sex. Larger samples to study this effect are needed. The

third limitation is the issue of multiple testing. For this

study, the sole primary hypothesis was that the DGKH

GAT haplotype affected relative amygdala volume. All

other analyses, especially on the single DGKH SNPs, were

of secondary interest. For this reason, no Bonferroni

adjustment of the type I error probability was applied

although other analyses than presented here were per-

formed on the same data set [47]. An adjustment of the

error probability would decrease the test power, thereby

precluding identification of existing mean differences (i.e.,

type-II error). Due to the explorative study design, the

findings presented here should thus be considered an entry

point for further investigations. Further studies incorpo-

rating larger samples including drug-naı̈ve and adolescent

patients will help to verify our findings.

In summary, this work demonstrates a specific effect of

a DGKH haplotype on amygdala volume in BD and

therefore supports the role of the DGKH gene in the

pathogenesis of this disease. As lithium medication also

leads to increase in amygdala volumes, alterations in PKC

signaling could be hypothesized to be the common

molecular basis of the influence of the genetic variant and

lithium medication. Further research regarding the molec-

ular consequences of DGKH gene variants, eventually

leading to alterations in brain volumes, is thus warranted.
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