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Associative emotional learning, which is important for the social emotional functioning of individuals and is
often impaired in psychiatric illnesses, is in part mediated by dopamine and glutamate pathways in the brain.
The protein DARPP-32 is involved in the regulation of dopaminergic and glutaminergic signaling. Conse-
quently, it has been suggested that the haplotypic variants of the gene PPP1R1B that encodes DARPP-32
are associated with working memory and emotion processing.
We hypothesized that PPP1R1B should have a significant influence on the network of brain regions involved
in associative emotional learning that are rich in DARPP-32, namely the striatum, prefrontal cortex (compris-
ing the medial frontal gyrus and inferior frontal gyrus (IFG)), amygdala and parahippocampal gyrus (PHG).
Dynamic causal models were applied to functional MRI data to investigate how brain connectivity during
an associative emotional learning task is affected by different single-nucleotide polymorphisms (SNPs) of
PPP1R1B: rs879606, rs907094 and rs3764352.
Compared to heterozygotes, homozygotes with GTA alleles displayed increased intrinsic connectivity be-
tween the IFG and PHG, as well as increased excitability of the PHG for negative emotional stimuli. We
have also elucidated the directionality of these genetic influences. Our data suggest that homozygotes with
GTA alleles involve stronger functional connections between brain areas in order to maintain activation of
these regions. Homozygotes might engage a greater degree of motivational learning and integration of infor-
mation to perform the emotional learning task correctly.
We conclude that PPP1R1B is associated with the neural network involved in associative emotional learning.
A, Bayesian Model Averaging;
CM, Dynamic Causal Model;
s; MFG, Medial frontal gyrus;
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Introduction

Imaging genetics provides insight into the links between brain func-
tioning, behavior and the genetical predisposition of individuals. In psy-
chiatry the attempts to identify genes linkedwith emotional processing
are relevant (Aleman et al., 2008; Blasi et al., 2009; Canli et al., 2009).
One such gene, PPP1R1B, encodes the phosphoprotein DARPP-32 and
has been suggested to be of relevance for emotional and memory pro-
cessing (Meyer-Lindenberg et al., 2007). DARPP-32 has been implicated
in a number of neurological disorders such as schizophrenia (Albert
et al., 2002) and depression (Svenningsson et al., 2002), as well as in
drug abuse (Svenningsson et al., 2005) and addiction (Scheggi et al.,
2004). The association of this gene with brain functioning remains rel-
atively unexplored, however, Meyer-Lindenberg et al. (2007) have
found evidence relating the haplotypic variants of this gene with brain
activation and the connectivity of the striatum. Genetic variation in
the single-nucleotide polymorphism (SNP) rs907094 of PPP1R1B has
been associated with processing of anger (Reuter et al., 2009) and re-
ward learning (Frank et al., 2007). In this study we aim to shed more
light on the contribution of PPP1R1B to the neural basis of emotional
processing.

Because the 32 kDa dopamine- and cAMP-regulated phosphopro-
tein, DARPP-32, both mediate and integrate glutamate and dopamine
signaling (Fernandez et al., 2006) that have been implicated in emo-
tional learning (Gillespie and Ressler, 2005; Greba et al., 2001) and as-
sociative learning (Breitenstein et al., 2006; Smith et al., 2006a) we
chose a task of associative emotional learning to study brain activation
differences influenced by variation in PPP1R1B. This choice was reason-
able also because integration of glutamate- and dopamine-mediated
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signals is required for the induction of synaptic plasticity, long-term
memory (Calabresi et al., 2007; O'Carroll et al., 2006), long-term poten-
tiation (O'Carroll and Morris, 2004), and learning (Baldwin et al., 2002;
Smith-Roe and Kelley, 2000).

DARPP-32 was found in neurones with dopamine receptors D1
and D2 with the highest concentrations in the striatum (which com-
prises the putamen and caudate) and the olfactory tubercle and mod-
erate levels in the amygdala, hippocampus and prefrontal cortex
(PFC) (Ouimet et al., 1992). These regions overlap with brain regions
implicated in associative learning of emotional words and pictures
from our previous study (Curcic-Blake et al., 2011): amygdala, inferi-
or frontal gyrus (IFG) and medial frontal gyrus (MFG) are implicated
when emotional stimuli were compared with neutral stimuli, and
parahippocampal gyrus (PHG) and putamen for all stimuli. Similarly,
Sperling and colleagues established that the hippocampus, PHG, IFG,
MFG, caudate, fusiform and superior parietal cortices are activated
during associative learning of novel as opposed to repeated face and
name pairs (Sperling et al., 2001).

Because DARPP-32, promotes cell signaling by inhibiting PP1
(Hemmings et al., 1984), one may expect that genetic variations of
the DARPP-32 encoding gene would influence certain signalling path-
ways in the human brain. This could be mediated, for example, by dif-
ferent gene expressions or by a difference in protein excitability for
two different genotypes. As yet, only one study addressed this ques-
tion. Meyer-Lindenberg et al., (2007) have shown that the homozy-
gotes of a common haplotype exhibit both greater activation in the
putamen and increased functional connectivity between the dorso-
lateral PFC (DLPFC) and putamen during emotional processing and
working memory tasks.

Therefore, we predicted that the homozygotes GTA of the haplo-
type on SNPs rs879606, rs3764352 and rs907094 present stronger ef-
fective connectivity between the left PFC and the medial temporal
lobe (MTL) during associative emotional learning. To explore this hy-
pothesis, we investigated the influence of the genotype of the GTA
haplotype on the effective connectivity between the IFG, MFG, puta-
men, amygdala and PHG during a task that involves the association
and memorization of emotional word and picture pairs.

Methods

Experimental procedure

The experimental procedure that we used has been described in
detail elsewhere (Curcic-Blake et al., 2011). In short, forty students
(fourteen males and twenty six females) participated in this study.
The subjects were chosen from a sample of 400 university students
using the Bermond–Vorst Alexithymia Questionnaire (BVAQ). In par-
ticular, the verbalizing scale of the BVAQ was used as a guideline for
the inclusion of individuals with sufficient variability in their emo-
tional verbalizing ability. During fMRI scanning an emotional (posi-
tive, negative and neutral) picture (International Affective Picture
System- IAPS) and a word were displayed for 3 s. The word valence
was matched to the picture valence in the sense that a negative pic-
ture (for example, a snake) was paired with a word with a negative
meaning (for example, cancer). However, the semantics of the word
was arbitrary, that is, it was not directly associated with the target
IAPS picture. The pictures randomly included people, animals, houses
and landscapes. The subject was instructed to decide whether the
word and picture fitted together and to remember them. A fixation
cross was then presented on the screen for a period of 2–8 s (jittered).

A recognition memory test was performed afterwards. It consisted
of the same pictures as those shown in the scanner, but now pre-
sented in random order and with three words displayed beneath
each picture (also ordered randomly): (1) the word that was paired
with the picture (the correct answer); (2) a word semantically relat-
ed to the paired word; (3) an unrelated word. The subject was asked
to choose the correct answer by pressing 1, 2 or 3. The memory test
was further evaluated calculating mean accuracy as well as accuracy
between two genotype groups using t-test. The effect of emotions
on the memory accuracy was determined by performing repeated
measures ANOVA with valence as a within-subject measure and ge-
notype for between subject measure.

Genotyping

EDTA anti-coagulated blood was collected from all subjects to in-
vestigate the DARPP-32 rs879606, rs3764352 and rs907094 geno-
type. These SNPs of the DARPP-32 encoding gene PPP1R1B are
known to be associated with cognitive processing and emotions
such as anger. The common haplotype of PPP1R1B has been descibed
previously (Meyer-Lindenberg et al., 2007) and consists of particular
variations on 7 SNPs (Table 1). DNA was isolated from EDTA anticoa-
gulated blood using an automated DNA isolation system (X- tractor,
Westburg, Leusden, The Netherlands) and the Sigma DNA isolation
kit (Sigma, Zwijndrecht, The Netherlands). DARPP-32 genotypes
were determined with allelic discrimination on an Applied Biosystems
7500 real-time polymerase chain reaction (PCR) system (Applied Biosys-
tems, Nieuwekerk a/d IJssel, The Netherlands) using pre-developed as-
says and according to the protocol supplied by Applied Biosystems
(rs879606: C___3194815_10; rs12601930: C__31016495_10; rs907094
C___7452370_1_; rs3764352: C__27480385_10). We define the major
alleles for those four SNPs as G, C, T and A respectively. We determined
the variations on 4 SNPs. However, because of the high frequency of
the common haplotype (73%) and two other haplotypes (14% and
3.5%), we depicted the homozygotes with alleles GTA (see Table 1) of
the SNPs rs879606, rs3764352 and rs907094 (Meyer-Lindenberg et al.,
2007). To relate our results with previous studies, we compared the
brain connectivities of two groups of subjects. The first group consisted
of homozygoteswith the same combination of SNPs as a commonhaplo-
type (namely the homozygotes of the GTA haplotype). The second group
were heterozygotes with any other combination of these SNPs that we
found.We note here that we use different labeling of the base-pair com-
plements than Meyer-Lindenberg et al. (2007) due to our different defi-
nition of the major alleles.

Functional magnetic resonance imaging data acquisition and analysis

A 3 T Philips InteraMRI scanner (Philips, Best, The Netherlands)was
used to acquire the images.Whole-brain echo-planar functional images
(EPIs) were acquired using a standard 8-channel SENSE head coil.
Thirty-nine axial slices were acquired with the following parameters:
TR 2000 ms; TE 28 ms; flip angle 70°; SENSE factor 2; field of view
224 mm; matrix 64×62; slice thickness 3.5 mm with no slice gap,
yielding voxels of 3.5×3.5×3.5 mm in size. In order to co-register and
normalize the functional data, T1-weighted anatomical imageswere ac-
quired: using a 3D/FFE/CLEAR sequence (TR=25 ms, TE=4.6 ms, flip
angle=30°, FOV=256 mm, matrix 256× 256 mm, slice thickness
1.0 mm).

The collected magnetic resonance data in the form of 4-
dimensional (4-D) volumes were first converted to 3-D files using
the MRIcro software, then processed using the statistical parametric
mapping program SPM8 (www.fil.ion.ucl.ac.uk/spm). The functional
images were corrected for slice timing acquisition as part of the pre-
processing procedure and then realigned to the first functional
image. The T1-weighted images were co-registered to the mean EPI
image. Low-frequency signal drift was corrected for by applying a
high-pass temporal filter with a cut-off of 250 s. The co-registered
data were subsequently normalized onto the MNI template and the
resulting normalization parameters were applied to all the EPI im-
ages. The functional data were spatially smoothed using a 6 mm iso-
tropic Gaussian kernel before the statistical analysis was performed.

http://www.fil.ion.ucl.ac.uk/spm


Table 1
Genotyping results. *The common haplotype as determined by Meyer-Lindenberg et al. (2007). Note that we use different labeling of the base-pair complement than in the refer-
ence above, in accordance with the latest literature on DARPP-32 (Albert et al., 2002; Ishikawa et al., 2007); see also comments in the Materials section of Frank et al. (2009).

rs4795390 rs879606 rs11651497 rs907094 rs3764353 rs3764352 rs3794712 Num subj.

Common haplotype * C G C A C T C
Homozygote G/G T/T A/A 22
Heterozygote Type I G/A T/C A/G 13
Heterozygote Type II G/G T/C A/G 5
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A hemodynamic function convoluted with the timings for each
condition was used in the general linear model (GLM) together
with an actual measured signal in order to estimate for each voxel
the parameters corresponding to the contribution of each condition
to the rise in signal for each subject. Two contrasts were performed
for each subject, using a t-test: 1.) to compare the activation for the
positive (P)+negative (N) emotional condition versus the neutral
(n) condition (P+NNn); 2.) to compare the activation for the posi-
tive (P)+negative (N) emotional condition+the neutral (n) condi-
tion (P+N+n). The results obtained for each subject were used in
the random effects analysis (RFX) to make the group inferences. In
order to investigate the process of associative learning, we analyzed
both successfully and unsuccessfully memorized trials.

Volumes of interest

There is evidence that emotional learning involves an assembly of
the medial temporal lobe (including the hippocampus and parahip-
pocampal gyrus), striatum, medial and dorsolateral prefrontal corti-
ces, and amygdala (Delgado et al., 2008; Depue et al., 2007;
Kensinger and Corkin, 2004; Kilpatrick and Cahill, 2003; LeDoux,
1996; McGaugh et al., 1996; Peper et al., 2006; Phelps, 2006; Phelps
and LeDoux, 2005; Richter-Levin, 2004; Sperling et al., 2001). The
RFX maxima from the two contrasts served as the basis for time-
course extraction for the dynamic causal modeling (DCM) analysis.
First, the anatomical regions were extracted from ‘TD labels’ (for the
MFG, PHG and IFG) and ‘aal’ maps (for the putamen and the amygda-
la) from wfu_pickatlas (Maldjian et al., 2003, 2004; Tzourio-Mazoyer
et al., 2002). The guiding coordinates were defined to coincide with
the maximum RFX activation voxel for the MFG, IFG and amygdala
(contrast P+NNn) and for the putamen and PHG (contrast P+N
+n) within their anatomical regions. We continued our analysis
using the volumes of interest (VOIs) in the left hemisphere, where a
well known area of the brain associated with language, Brocca's
area (BA 44/45 our left IFG), is situated.

The centre of the VOI for each subject was then defined as the
maximum activation (P+N vs n contrast, pb0.05, uncorrected) in
the given region, close to the RFX maximum (cut-off at 16 mm) and
still belonging to the same anatomical region (visual inspection). Fi-
nally, 4 mm radius spheres were drawn around the center defined
above, and time series of the activated voxels within the sphere
were extracted while their first principal component was simulta-
neously calculated. The first principal component was used for fur-
ther connectivity analysis.

Dynamical causal models—the model space

Our aim was to investigate the differences in the connectivity be-
tween the PFC and the putamen, and between the PFC and the PHG
for two genotype groups. The dynamical causal modeling (DCM) op-
tion in SPM8 (Friston et al., 2003) was used to evaluate the effective
connectivity between the MFG, IFG, amygdala, putamen and PHG.
DCMmodels the observed fMRI time series of given regions as a bilin-
ear dynamic interaction on the neuronal level by incorporating the
hemodynamic balloon model (Buxton et al., 1998; Stephan et al.,
2007). A predefined DCM model is created and then compared with
the measured data; the parameters of the model are adjusted by
means of iterative Bayesian parameter estimation such that negative
free energy of the model is maximized. The free energy represents a
lower bound on the log model evidence, a measure of the balance be-
tween the model fit and model complexity, and is a useful objective
function in order to avoid overfitting. For our purpose, several models
were created, defining the Model Space, and each model was estimat-
ed separately. As a result, the so-called log evidence (free energy) was
calculated for each estimated model. The models were compared
using Bayesian model selection (Penny et al., 2004) using a random
effects implementation for the group level, as described by Stephan
et al.(2009). In short, a probability density is estimated on the models
themselves by treating the model as a random variable and estimat-
ing the parameters of a Dirichlet distribution that describes the prob-
abilities for all models considered. The likelihood that a specific
model generated the data of a randomly chosen subject and the ex-
ceedance probability of one model being more likely than any other
model are estimated.

The next step was to obtain an average of all models in the model
space. The Bayesian model averaging (BMA) method (Penny et al.,
2010) computes parameters within a model space such that more
weight is given to models with higher posterior probablity, according
to Bayes' rule. Those models for which the probability was very low
(less than 1/20 of the maximum probability) were excluded from
the calculations. This “Occam's window” approach produces approxi-
mately the same results as averaging over all models but at a fraction
of the computational cost. Each DCMmodel consisted of the following
parameters: 1. the strength of the connections between pairs of re-
gions (referred to as directional connectivities and denoted by coeffi-
cients A); 2. the strength of modulation of the connection by a certain
external input or condition (known as modulatory effects and
denoted by coefficients B); 3. the direct influences of the external
input or condition on the region (known as driving inputs and
denoted by coefficients C). The posterior distributions for these pa-
rameters for the average model were calculated by drawing samples
from a multinomial distribution of posterior beliefs for given models
within subjects using a Gibbs sampling approach (Penny et al.,
2010). Finally, posterior means and exceedance probabilities (that
the given parameter is larger than zero) were obtained.

Our aim was to look for specific differences among coupling pa-
rameters. There is evidence from anatomical studies that all the re-
gions considered are bidirectionally connected, either directly or via
the thalamus (Amaral and Price, 1984; Haber, 2003; Vogt and Pandya,
1987). Therefore, we assumed all the effective connectivities between
all 5 regions (Fig. 1a) and we varied only the modulatory influences.

The choice of input regions was determined by considering our pre-
vious study in which the emotional aspects of these tasks were investi-
gated (Curcic-Blake et al., 2011). A model comparison of the
connectivity pattern between the IFG, MFG and amygdala amygdala
revealed best fit for input of emotional stimuli at the IFG. Therefore, in
the current analysis we only consideredmodels in which the emotional
stimuli enter the circuitry via the IFG.We also considered that the puta-
menmay receive both emotional and neutral stimuli; this area is known
to receive inputs from many sensory and higher cognitive regions, and
is important in decision making during cognitive and emotional tasks.
Furthermore, the PHG is directly connected with the visual cortex



Fig. 1. Illustration of the created DCMs. a) Illustration of the basic model with modulatory connections based on the literature. All the modulatory connections from this model are
present in all the models. The modulatory effect of neutral stimuli (white circles) is the same for all DCMs. b) Illustration of variations in inputs. c–e) Illustration of models chosen by
systematic changes of the modulatory effects of emotional stimuli (black circles). c) Example of a model where the modulatory effects on the connections between the IFG and
putamen were varied. These variations deliver 4 different families of models according to which connection is modulated: 1. none (a); 2. forward (c); 3. backward (d); 4. both
(e) . This also delivers 4 families of models. e) Permutations of the modulatory effects for the putamen to the amygdala. f) Example of a model with modulatory effects on self-
connections. These effects were either both icluded, or both omitted. The models not shown are linear combinations of those illustrated in a) –f); for example, model IPHG_Self_133
has the same emotional modulatory influences between the IFG and PHG as model PHG_NoSelf_131, the same between the putamen and amygdala as PHG_NoSelf_113, the same
modulatory effects on self-connections as PHG_Self_114, and the same inputs as model IPHG_Self_414. In total, 896 models per subject were created.
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(Blatt et al., 2003) and is thus engaged in the convergence of episodic
and declarative information as well as in the formation of associative
links and the making of associations (Eichenbaum, 2000), regardless
of emotional context. Therefore, we allowed neutral stimuli input via
the PHG. As presented in Results section, the above considerations are
consistent with the brain activation pattern during the task perfor-
mance for all three types of stimuli. We thus created DCMs containing
combinations of the IFG, PHG and putamen as input regions. This selec-
tion produced 16 different models, of which 2 were excluded because
they did not have any input region for neutral stimuli. To examine the
differences between coupling and modulatory parameters, we system-
atically varied the modulatory effects (see below) by calculating 128
models per input combination. Since the input is of relatively lower im-
portance, we chose 7 representative combinations of inputs (Fig. 1b) in-
stead of calculating 14*128 models, which is computationally intensive
and produces a lot of redundant models.

Based on our previous study (Curcic-Blake et al., 2011) and other
connectivity studies investigating emotional memory (Smith et al.,



Table 2
Memory test results, showing accuracy in recognition for each type of stimulus.

Stimuli type Mean Std. Deviation N

Negative .96 .06 39
Positive .96 .06 39
Neutral .93 .10 39
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2006b), for all models we fixed the modulatory influences of the
emotional stimuli to the connections IFG–MFG, IFG–amygdala, and
amygdala–PHG in both directions. Because both the IFG and amygda-
la are strongly engaged in the emotional aspects of this task, the
model space was created in order to question whether the emotional
stimuli further modulate the connectivities IFG–putamen, IFG–PHG,
and putamen–amygdala (Fig. 1c–e). The first numeral of the model
number denotes the modulatory effect on the connections from the
IFG to the putamen, the second numeral denotes the IFG to PHGmod-
ulatory effect (Fig. 1e). Variations of the modulatory effects for the
putamen to the amygdala are denoted by the third numeral of the
model number. The emotional stimuli could either: 1. not affect of
the connection additionally (Fig. 1a); 2. affect the forward connection
(Fig. 1c); 3. backward connection (Fig. 1d) or 4. affect the connection
in both directions (Fig. 1e). Combined, the various variants give rise
to 43 (three different connections and 4 different possibilities) differ-
ent combinations of modulatory effects, thus 64 different models.
Furthermore, the PHG and putamen were equally activated during
emotional and neutral stimuli. We thus investigated whether the ac-
tivation in these regions is stimulus independent or due to self-
regulatory mechanisms by creating models with and without self-
regulatory parameters. This resulted in two different possibilities
denoted as _Self and _NoSelf in the model name (Fig. 1f).

In total, 7 (number of input combinations)×64(modulatory effects
on connections)×2(self-connection yes-no)=896 models per subject
were created. Because this model set for each subject is large, many
combinations of inputs with modulatory effects are possible. We divid-
ed this large model space into 4 families (see below) and then used
Bayesianmodel averaging over a large number ofmodels to obtain pos-
terior estimates that do not depend on a single bestmodel. Thus, the en-
tire set was subdivided into families by considering whether they had a
complex set of inputs (four inputs ormore), or amoremodest set (three
inputs or less), and either a complex (5 ormore) ormodest (up to 4) set
of modulatory effects. To statistically evaluate the posterior distribution
differences, we used a bootstrapping procedure. In short, we randomly
chose a sample (out of 10000) from both groups and calculated the dif-
ference, a procedure thatwas repeated 10,000 times to obtain the distri-
bution of differences. The percentage of difference samples represents
the probability that the difference between two groups for a particular
parameter is larger than zero.

Results

Genetic results

The results of the blood test are presented in Table 1. We deter-
mined the genetic variation on the rs879606, rs3764352 and
rs907094 SNPs. The genotype frequencies of all SNPs were in
Hardy–Weinberg equilibrium (rs879606 - G/G:27 (67.5%), G/A: 13
(32.5%), A/A: 0 (0%); χ2=1.51, d.f.=1, n.s.; rs3764352-G/G:22
(55%), G/A: 18 (45%), A/A: 0 (0%); χ2=3.37, d.f.=1, n.s; rs907094-
T/T: 22 (55%), T/C: 18 (45%), C/C: 0 (0%); χ2=3.37, d.f.=1, n.s.).
There were 22 homozygotes with the expression GTA on the above
three SNPs. These overlap with the common haplotype defined
by Meyer-Lindenberg et al. (2007). We also identified two types of
heterozygotes on the common haplotype, which correspond to the
heterozygotes of the second and third haplotypes defined by
Meyer-Lindenberg et al. (2007). In order to enable a comparison
with previous studies, and for further analysis, we divided our sub-
jects into two groups: homozygotes of the common haplotype (T)
and the rest—two types of heterozygotes (T/C) (see Table 1).

Memory results

Thirty-nine out of forty subjects performed uniformly well in the
memory test, with a mean accuracy of 95%±6% (M±SD; n=39).
One subject performed poorly, scoring 42% correct, and was excluded
from further analysis. After performing ANOVA corrected for multiple
comparisons we found an effect of valence F(2, 38)=3.74, p=0.038
(after the Greenhouse–Geisser sphericity correction). Accuracies for
the various trials are given in Table 2. The planned contrast
(Table 3) revealed a difference in the accuracy of performance be-
tween emotional and neutral trials (p=0.031, n=39). Both hetero-
zygotes (96%±2%, n=17) and homozygotes (94%±7%, n=17)
performed well in the memory test, with no significant difference be-
tween them either in total accuracy or emotional effect.

RFX fMRI results

The group activation by conventional voxel-based analysis during
the ASSOCIATIVE EMOTIONAL LEARNING TASK is depicted in Fig. 2a
and Table 4. Random effects GLM analysis of the emotional versus
neutral condition (pb0.05, FWE) revealed activation of the bilateral
AMY, IFG, MFG, fusiform gyrus (visual processing area), middle tem-
poral gyrus, superior temporal gyrus, superior frontal gyrus, caudate
and posterior cingulate, and decreased activation in the inferior pari-
etal lobule. In addition, the bilateral PHG and putamen were activated
in RFX GLM analysis of the emotional+neutral contrast (pb0.05
FWE).

Fig. 2b and Table 5 present the differences in group activation be-
tween the homozygotes (T) and heterozygotes (T/C) revealed by con-
ventional voxel-based analysis during the ASSOCIATIVE EMOTIONAL
LEARNING TASK. No significant differences were observed after the
correction for multiple comparisons. Furthermore, according to the
study on emotional processing (Meyer-Lindenberg et al., 2007), dif-
ferences in the activation of the putamen and IFG might be expected.
Therefore, we performed ROI analyses on these regions. After small
volume corrections were made, we found no significant difference
between the two groups in these regions.

Connectivity results

Regarding the VOIs, we found significant activation in all five regions
in 28 subjects. Both the T and T/C groups consisted of 14 subjects. The
BMS (Fig. 3a–c)method revealed that models with fewer inputs were fa-
vored for both groups (exceedanceprobability of 99.7% for T and99.3% for
T/C). From the entire set of 896 models, the model with the highest ex-
ceedance probability for homozygotes was IPGH_Self_121 (25.2%) and
for heterozygoteswas IPHG_Self_e _141 (21.8%). After dividing this entire
set of 896 models into families based on input complexity (i.e., few and
many inputs) and on the complexity of the modulatory influences, the
BMS revealed that that the best family for both groups contained
fewer inputs and many modulatory coefficients (exceedance proba-
bility of 89.1% for homozygotes and 75.7% for heterozygotes). Again,
the best models differed (model IPHG_Self_341 for the T/C group
with an exceedance probability of 15.67% and model IPHG_Self_342
for the T group with an exceedance probability of 23.7%). These dif-
ferences in models within the group arise from a different partition
of the models into families (Stephan et al., 2009). While the exceed-
ance probabilities above may not appear to be extremely high, one
should consider that they sum to one over all models considered
and thus tend to decrease in magnitude as the size of the model
space increases. Furthermore, there is a group of models that are



Table 3
Planned contrast for memory test results.

Emotions df F Sig.

Positive vs. negative 1 0.3 0.57
Neutral vs. emotional 1 5.05 0.03
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similar in model evidence, which implies that BMA is the most suit-
able method to look for differences in connectivity strengths.

The BMA analysis revealed that the posterior parameter distribu-
tions differ for the two groups, as summarized in Tables 6, 7 and 8.
We found a very significant difference between the two groups with
respect to the connectivity strength from the IFG to the PHG (98% of
samples showed a difference). Both the BMA results calculated from
all the models and the winning two families differ slightly, and our
main finding of a difference in connectivity between the IFG and
PHG is independent of the set of models over which it was calculated.
Furthermore, we found a tendency towards differences for the fol-
lowing parameters: 1. the modulatory effect of negative stimuli on
the connection from the IFG to the PHG (88% of samples showed a dif-
ference); 2. the self-regulation of the PHG for negative stimuli (80% of
samples showed a difference). In all three cases the values of the con-
nectivity parameters in group T were higher than in group T/C. Exam-
ples of these parameter distributions are given in Fig. 3d. Fig. 4
summarizes the significant and moderately significant differences
between the groups.

Discussion

The main finding of our study is that variation in the DARPP-32
encoding gene – PPP1R1B – is significantly associated with the func-
tional connectivity within network of brain regions that are involved
in associative emotional learning. This is specifically manifested by a
difference in the intensity of effective brain connections between ho-
mozygotes and heterozygotes of the GTA haplotype. Because DARPP-
32 is a major integrator of dopaminergic and glutaminergic signaling,
Fig. 2. Results of the RFX analysis. a) Group results for all thirty-nine subjects. Emotions (p
mozygotes and heterozygotes of the GTA haplotype. Red areas: ALT emotional and neutral—
rietal lobe, PHG. Green areas: ALT emotional vs neutral—heterozygotesNhomozygotes in (l
and both associative and emotional learning involve glutaminergic
and dopaminergic circuitry and interaction, we hypothesized that
the variation of the DARPP-32 gene will influence this circuitry. Our
findings are consistent with our original hypothesis. These findings
contribute to a better understanding of the influence of the DARPP-
32 encoding gene on brain functioning, and also extend our knowl-
edge regarding the important and complicated function of the
DARPP-32 protein.

We observed that the intrinsic connectivity from the IFG during
associative emotional learning is higher in homozygotes of the GTA
haplotype than in heterozygotes. This is consistent with the findings
of Meyer-Lindenberg et al. (2007), who found that the functional con-
nectivity between IFG and putamen is increased during both working
memory tasks and emotional processing tasks in homozygotes of the
common haplotype. We extend these findings by determining the di-
rectionality of the connectivity: in particular, we show that the con-
nectivity from the IFG to the PHG is higher in homozygotes. We
were able to demonstrate this by using DCM combined with BMA.
Our results suggest that the homozygotes of the GTA haplotype ex-
hibit increased connectivity from the IFG to the PHG. Because both
verbal and memory centers are engaged during associative emotional
learning, and DARPP-32 is expressed in both the IFG and PHG, its ge-
notype may be expected to influence the coupling between the IFG
and the PHG. Indeed, our results are in agreement with this hypothe-
sis. The IFG to PHG connections are involved in episodic memory, the
regulation of emotional–motivational states (Grady et al., 2003;
Meyer-Lindenberg, 2009), and the recognition of pictures and
words (Grady et al., 2003). In this light, our results might indicate
that emotional–motivational states may be involved to a stronger ex-
tent in homozygotes during this task.

By calculating the BMA of the particular subsets of all models in-
volving input to the putamen, we found a difference in the connectiv-
ity between the IFG and the putamen (Supplementary Table), similar
to the study of Meyer-Lindenberg et al. (2007). This difference is not
evident in the whole set of models that we used, whereas the differ-
ence in connectivity between the IFG and PHG occurs for all of the
ositive+negative) vs. Neutral stimuli, pb0.05, FWE. b) Group differences between ho-
homozygotesNheterozygotes in (left to right) temporal pole, STG, insula, inferior pa-

eft to right) IFG, MFG/cingulate/SMA and parietal lobe.
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Table 4
Results of conventional analysis. Random Effects (RFX), emotionalNneutral. The columns list (from left to right) the chosen centers of the VOI sphere close to the highest activated
voxel within the region of interest, the Brodmann area, the MNI coordinates, and the Z-score at that point.

pb0.05 FWE TN5.72

BA x y z Z k

Positive+negative vs neutral
Amygdala L −20 −8 −14 5.45 12
Amygdala R 20 −6 −16 5.52 35
Medial/superior frontal gyrus L and R BA 10/9/8/6 −12 56 32 7.3 1478
Inferior Frontal/superior temporal gyrus R BA 47 44 24 −14 5.37 17
Inferior/superior frontal gyrus L BA 45/47/38/11 −42 30 −10 6.03 333
Fusiform gyrus L BA 37 −40 −60 −16 6.38 113
Fusiform gyrus R BA 37 38 −50 −20 7.33 202
Middle/inferior temporal L BA 21/20 −58 0 −22 5.7 55
Middle/inferior temporal BA 21/20 58 −4 −18 5.61 38
Occipital R BA 39/19/37 48 −72 4 7.29 881
Occipital L BA 39/19/22 −50 −74 12 6.99 684
Lingual R BA 18/19 12 −82 −10 5.32 38
Lingual L and R Ba 17 L/18 L/18R −8 −84 4 5.96 236
Caudate R 12 10 0 5.87 25
Posterior cingulate g./cingulate g./precuneus L&C BA 31/23 −2 −52 26 5.61 30
Posterior Cingulate/Parahippocampal gyrus BA 30/19/29 14 −50 2 5.37 47

Neutral vs Positive+Negative
Inferior parietal Lobule R/postcentral gyrus BA 40 44 −36 44 5.83 184
Inferior parietal lobule R 34 −38 24 5.66 15
Middle occipital gyrus −32 −56 −2 5.43 48

pb0.05 FWE TN5.70

BA x y z Z k

Positive+Negative+Neutral
Parahippocampal gyrus L −28 −32 −18 7.72 164
Parahippocampal gyrus R 20 −42 −10 Inf 266
Putamen L −30 −6 −4 5.15 12
Putamen L 20 10 8 3.57 222
Guiding coordinates
Amygdala L −20 −8 −16 5.33
Amygdala R 20 −4 −16 5.43
Inferior frontal gyrus L BA 47 −44 24 2 5.81
Inferior frontal gyrus R BA 44 24 −14 5.37
Medial frontal gyrus L BA 10 −6 64 20 6.61
Medial frontal gyrus R BA 10 6 62 18 6.25
Putamen L −28 −32 −18 7.72
Putamen R 20 −42 −10 Inf
Parahippocampal gyrus L −30 −6 −4 5.15
Parahippocampal gyrus R 20 10 8 3.57

Table 5
Group differences between homozygotes (T) and heterozygotes (T/C) of the GTA haplotype. These are all uncorrected data; the differences are insignificant.

Positive+negative vs neutra pb0.001 kN10

BA x y z Z k

TNT/C
Medial frontal gyrus −12 54 10 4.08 10
Anterior cingulate/medial frontal gyrus 10 6 50 12 3.5 10

T/CNT

TN/TC
Insula / STG 13 34 −36 18 3.5 13

T/CNT
Fusiform G/PHG 36/37 −36 −36 −16 3.6 21
Middle occipital gyrus 19 34 −88 12 4.4 59
Postcentral gyrus 2 −48 −24 48 4.1 62
Superior/medial frontal G 6 20 −16 68 4.3 46
Middle occipital/middle temporal gyrus 39/19 −46 −74 10 3.6 26
Medial frontal gyrus 6 −10 −4 56 3.8 24
Medial frontal gyrus 24 12 −10 48 3.4 22
Lingual gyrus 47 −6 −82 −2 3.6 17
Inferior frontal/middle frontal G 47 30 36 −8 3.8 13
Cuneus 18 −18 −74 14 3.4 11
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Fig. 3. BMS and BMA results. Exceedance probabilities of families (a–b) and models (c–d and f) as a result of BMS including 896 models. f) Enlarged and combined section from c)
and d) of the models with highes exceedance probability. Same family “win” for the two genetic variants (homozygotes and heterozygotes of the GTA haplotype). e) Distirbutions of
posterior probabilities for different parameters of connectivity as calculated by BMA. It is evident that the distributions of connectivity strengths for homozygotes and heterozygotes
of a common haplotype differ from the IFG to the PHG.

1547B. Ćurčić-Blake et al. / NeuroImage 59 (2012) 1540–1550
subsets tested. It is possible that the use of too many models broadens
the posterior distributions of the connectivity coefficient, leading to
differences between groups being smeared out. Nevertheless, our re-
sults on the subsets combined with those of Meyer-Lindenberg sug-
gest that this difference is genuine. The importance of the
connection between the DLPFC and the striatum (of which the puta-
men is a part) is highlighted by Meyer-Lindenberg et al., being re-
ferred to as a “filter of information competing for prefrontal cortical
Table 6
Differences between posterior coefficients for the effective connectivity calculated by
bootstrapping homozygotes–heterozygotes. Columns 2–4 show the percentage of
sample differences for which homozygotes of a common haplotype had a higher con-
nectivity than heterozygotes. The right-hand column shows the difference of the
means of posterior parameters between homozygotes and heterozygotes.

Connectivity All 896
models [%]

Winning family
of models [%]

Mean difference for BMS
on all 896 models

IFG to MFG 43.1 46.8 −0.007
Amy to MFG 52.2 52.6 0.004
Put to MFG 61.1 58.3 0.016
PHG to MFG 64.0 66.1 0.021
MFG to IFG 55.6 54.2 0.009
Amy to IFG 51.8 49.5 0.003
Put to IFG 50.2 47.1 0.001
PHG to IFG 45.8 41.8 −0.007
MFG to Amy 54.6 54.1 0.007
IFG to Amy 55.0 45.9 0.006
Put to Amy 49.6 50.3 0.000
PHG to Amy 52.5 51.9 0.004
MFG to Put 48.3 47.8 −0.004
IFG to Put 68.5 51.7 0.025
Amy to Put 55.1 51.9 0.007
PHG to Put 60.2 50.8 0.016
MFG to PHG 67.1 66.6 0.027
IFG to PHG 98.1 95.6 0.120
Amy to PHG 56.7 57.2 0.011
Put to PHG 37.9 49.5 −0.019
processing”. Indeed, the pathway between the putamen and IFG is in-
volved in social recognition, reward processing, reward-guided be-
havior (Cohen et al., 2009) and the integration of sensimotor,
cognitive and emotional information (Alexander et al., 1986). Because
we observed no difference between the two genetic groups in the
memory test, our results might indicate that homozygotes of the
GTA haplotype employ a greater degree of sensorimotor integration
to achieve the same results. The GTA genotype of the DARPP-32
encoding gene had no influence on the cognitive performance of
our subjects. Both groups performed equally well in the memory rec-
ognition test and the genotype had no effect on emotional memory.
Similarly, we found no significant differences (after correction for
multiple comparisons) in brain activation using the GLM between
the two groups. This might appear in conflict with the findings of
Meyer-Lindenberg et al., who found an effect of genetic predisposi-
tion with respect to the common haplotype on working memory per-
formance and on activation of the putamen (Meyer-Lindenberg et al.,
2007). However, that study used different tasks that did not require
associations to be made or explicit encoding. Similarly, the recogni-
tion test that we used after the fMRI measurement is easier to per-
form than the n-back task used by Meyer-Lindenberg et al., which
might limit the scoring range and therefore the capacity to detect dif-
ferences in performance.

Surprisingly, we found that the self-regulation term for negative
stimuli of the PHG is higher in homozygotes than in heterozygotes
of a GTA haplotype. The modulation of self-connection of the PHG
by negative stimuli was positive for homozygotes and essentially
zero for heterozygotes. This indicates that the homozygotes of the
GTA haplotype employ much more self-upregulation (because those
coefficients are positive) of the PHG during the storage of negative
emotional stimuli. The PHG is considered to be a ‘comparator’ for cog-
nitive self-monitoring (Shergill et al., 2003). In this light it appears
that during the associative learning of negative word and picture
pairs, the PHG in the homozygotes self-engages specially for a com-
parison of cognitive input with negative valence.
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Table 7
Differences between posterior coefficients for the modulatory effects of positive (left),
negative (middle) and neutral (right) stimuli on the connectivity, calculated by boot-
strapping homozygotes–heterozygotes. Column 2 (of each table) shows the percent-
age of sample differences for which homozygotes of a common haplotype had higher
modulatory effects on the connectivity than heterozygotes. The right-hand columns
show the difference of the means of posterior parameters between homozygotes and
heterozygotes.

Positive on Probab Mean diff

IFG to MFG 49.8 −0.001
MFG to IFG 47.1 −0.002
Amy to IFG 49.9 −0.002
Put to IFG 49.7 0.001
PHG to IFG 51.5 0.001
IFG to Amy 42.4 −0.010
Put to Amy 51.5 0.001
PHG to Amy 51.2 0.002
IFG to Put 47.7 0.001
Amy to Put 51.4 0.001
Put to Put 56.3 0.009
IFG to PHG 76.9 0.039
Amy to PHG 52.0 0.003
PHG to PHG 68.0 0.026

Negative on
IFG to MFG 43.4 −0.009
MFG to IFG 52.7 0.004
Amy to IFG 51.7 0.005
Put to IFG 53.5 0.004
PHG to IFG 47.9 −0.003
IFG to Amy 51.2 0.003
Put to Amy 51.7 0.003
PHG to Amy 56.6 0.009
IFG to Put 51.6 0.002
Amy to Put 52.7 0.003
Put to Put 53.7 0.005
IFG to PHG 87.7 0.061
Amy to PHG 55.6 0.010
PHG to PHG 80.0 0.048

Neutral on
Put to IFG 49.4 −0.001
PHG to IFG 55.4 0.008
IFG to Put 47.4 −0.004
PHG to Put 45.8 −0.008
IFG to PHG 57.3 0.013
Put to PHG 52.6 0.003

Fig. 4. Illustration of differences in connectivity parameters between homozygotes and
heterozygotes of a common haplotype. The mean difference and the exceedance prob-
ability that homozygotes have stronger connectivity or modulatory effect are denoted.
Both significant differences (those exceeding 90%) and differences showing a trend are
depicted. The diferrence in connectivity parameters between IFG and putamen occur
only in subset of models.
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We have demonstrated that the observed group differences are
not due to the model selection procedure, by showing that the results
are independent of the models chosen to calculate the parameter dif-
ferences by means of BMA (Fig. 3e). As a careful reader may notice,
while creating our DCM models we did not examine all possible
Table 8
The mean and probabilities of posterior distributions for the coefficients of effective
connectivities and for the modulatory effects of positive, negative and neutral stimuli
on the connectivities that showed significant differences between groups. Values for
homozygotes T (second and third columns) and heterozygotes T/C (fifth and sixth col-
umns) are compared. Percent of modulatory influence was calculated by % ¼ MB

MA
⋅100 .

Here,MA is the mean of the intristic connectivity andMB is the mean of the modulatory
effect coefficient. fourth.

T T/C

Concectivity Mean Probability
[%]

Percent of
modulatory
influence

Mean Probability
[%]

Percent of
modulatory
influence

IFG to PHG 0.151 100 0.031 76
Negative
IFG to
PHG

0.065 96 43 0.005 54 16

Negative on
PHG to
PHG

0.100 100 10 0.052 91 5
modulatory effects. Even though this would be a powerful explorato-
ry method for the investigation of new effects, it would be of no ben-
efit in answering our specific research question regarding the
association of effective connectivities with the DARPP-32 genotype.

In our analysis, the time courses of the brain regions were
extracted from two contrasts. This procedure was necessary because
the PHG and putamen have few voxels on the group level for emo-
tional versus neutral stimuli. Because DCM is typically used to com-
pare different mechanistic explanations for specific activations
detected by SPM, including those with different response profiles
(Stephan et al., 2010), it is reasonable to choose the best contrast
for the PHG and putamen. Furthermore, the hippocampal formation
and the PHG have been implicated in the detection of novelty (Tul-
ving et al., 1996); both the emotional and neutral stimuli were
novel to the subjects.

How DARPP-32 genotypes affect functional connectivity is a mat-
ter of debate. It is known that the function of DARPP-32 is determined
by its phosphorylation state. DARPP-32 can be phosphorylated on
several sites such as Thr-34, Thr-75 , Ser-137 and Ser-102. For exam-
ple, when DARPP-32 is phosphorylated at a single site Thr-34, which
can be induced by the action of dopamine on the D1 dopamine recep-
tors, it inhibits the protein phosphatase-1 (PP1) (Hemmings et al.,
1984). PP1 is a major inhibitor of further cell signaling and cell excit-
ability. In our study we demonstrate the link between genetic varia-
tions on the PPP1R1B gene encoding the DARPP-32 protein and the
connectivity between regions involved in dopamine-mediated learn-
ing. It is unknown whether genetic variations affect the expression or
efficiency of DARPP-32 in these regions and how this relates to neuro-
transmitter signaling. Evidence has been reported for a decreased
concentration of DARPP-32 in the DLPFC in subjects with schizophre-
nia and bipolar disorder (Albert et al., 2002; Ishikawa et al., 2007).
Another study (Baracskay et al., 2006) failed to find evidence for
any decrease in the transcript level in the PFC of schizophrenia pa-
tients, whereas a small subject study found a reduced level of
DARPP-32 mRNA in the PFC in completed suicide victims with schizo-
phrenia (Feldcamp et al., 2008). Further investigations of the influ-
ence of PPP1R1B are inconsistent. No association of this gene with
schizophrenia was observed in Chinese (Hu et al., 2007; Li et al.,
2006) and Japanese populations (Yoshimi et al., 2008), but another
study found that a common haplotype of PPP1R1B predicted the
risk of schizophrenia (Meyer-Lindenberg et al., 2007). Furthermore,
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increased functional connectivity between the hippocampus and the
DLPFC was found during a working memory task in patients with
schizophrenia (Meyer-Lindenberg et al., 2005). Taken together, this
evidence suggests that the homozygotes of a GTA haplotype might
have an altered concentration of DARPP-32 in either the DLPFC, PHG
or putamen, but this is still speculative. Further investigations are re-
quired to provide insight into the gene–protein relationship.

To conclude, our results demonstrate that the DARPP-32 encoding
gene is associated with brain connectivity during associative emo-
tional learning. Abnormalities in DARPP-32 levels have been implicat-
ed in a number of psychiatric disorders and the present results may
contribute to research into the neural consequences of variations in
the DARPP-32 encoding gene.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.neuroimage.2011.08.036.
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