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Functional Variation of the Dopamine D, Receptor Gene Is
Associated with Emotional Control as well as Brain Activity
and Connectivity during Emotion Processing in Humans
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Personality traits related to emotion processing are, at least in part, heritable and genetically determined. Dopamine D, receptor signal-
ing is involved in modulation of emotional behavior and activity of associated brain regions such as the amygdala and the prefrontal
cortex. An intronic single nucleotide polymorphism within the D, receptor gene (DRD2) (rs1076560, guanine > thymine or G > T) shifts
splicing of the two protein isoforms (D, short, mainly presynaptic, and D, long) and has been associated with modulation of memory
performance and brain activity. Here, our aim was to investigate the association of DRD2 rs1076560 genotype with personality traits of
emotional stability and with brain physiology during processing of emotionally relevant stimuli. DRD2 genotype and Big Five Question-
naire scores were evaluated in 134 healthy subjects demonstrating that GG subjects have reduced “emotion control” compared with GT
subjects. Functional magnetic resonance imaging in a sample of 24 individuals indicated greater amygdala activity during implicit
processing and greater dorsolateral prefrontal cortex (DLPFC) response during explicit processing of facial emotional stimuli in GG
subjects compared with GT. Other results also demonstrate an interaction between DRD2 genotype and facial emotional expression on
functional connectivity of both amygdala and dorsolateral prefrontal regions with overlapping medial prefrontal areas. Moreover,
rs1076560 genotype is associated with differential relationships between amygdala/DLPFC functional connectivity and emotion control
scores. These results suggest that genetically determined D, signaling may explain part of personality traits related to emotion processing

and individual variability in specific brain responses to emotionally relevant inputs.

Introduction

Dopamine signaling is involved in emotion processing and con-
trol of emotional behavior (LeDoux, 1998; Salgado-Pineda et al.,
2005). For example, dopaminergic psychostimulants affect emo-
tional behavior (Hall et al., 1988). Consistently, during condi-
tioned fear paradigms in animals, dopamine modulates activity
in amygdala and in prefrontal cortex (Rosenkranz and Grace,
2001; Pezze and Feldon, 2004), key brain regions for emotion
perception and control (Dolan, 2002; Ochsner and Gross, 2005).
Moreover, genetic variation in cathecol-O-methyltransferase
(COMT) (Val'**Met), critically involved in dopamine catabo-
lism, affects emotional behavior, related brain activity, and their
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relationship in both animals and humans (Gogos et al., 1998;
Woo et al., 2002; Enoch et al., 2003; Smolka et al., 2005; Stein et
al., 2005; Drabant et al., 2006).

Dopamine D, receptors have been implicated in emotion pro-
cessing (Pezze and Feldon, 2004). Administration of D, agonists
or antagonists in animal models modulates emotional responses,
including emotional reactivity (Gendreau et al., 1998) and learn-
ing (Greba et al., 2001). However, little is known about possible
associations between the D, gene (DRD2) with emotional behav-
ior (Drew et al., 2007).

D, receptors exist in two alternatively spliced isoforms, the D,
long (D,L) located primarily postsynaptically and D, short (D,S)
functioning as presynaptic autoreceptor (Usiello et al., 2000).
Studies in mice have suggested involvement of the D,L isoform in
emotional responses. In particular, D,L-deficient mice have re-
duced explorative behavior and increased latency to escape from
harmful situations (Hranilovic et al., 2008), suggesting that they
are more “anxious.”

Expression of D, isoforms is associated with a known genetic
variant. Recently, we have characterized a novel functional single
nucleotide polymorphism (SNP) within the DRD2 gene at intron
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6, 1s1076560 (G — T substitution). GG genotype is associated
with relatively greater expression of D,S mRNA in prefrontal
cortex and in striatum as well as with more efficient cognitive
processing relative to GT genotype (Zhang et al., 2007).
Different models of human personality have been proposed
identifying several traits or dimensions. Regardless of the model,
personality traits are in part heritable (Jang et al., 1998), especially
in terms of emotion control and stability (Jang et al., 1996; Lesch,
2005). In the present study in healthy humans, we investigated
the association of DRD2 rs1076560 genotype with personality
traits as measured with the Big Five Questionnaire (BFQ)
(Caprara et al., 2003). Given the known relationship between
dopamine signaling and control of emotional behavior, we hy-
pothesized specific effects of DRD2 rs1076560 variants on the
emotional stability dimension of the BFQ. Moreover, we ex-
plored with functional magnetic resonance imaging (fMRI) the
potential association of DRD2 rs1076560 genotype with physio-
logic brain responses during emotional perceptual processing
and explicit emotional evaluation. These emotional processes
prominently engage the amygdala and the prefrontal cortex, re-
spectively (Gusnard et al., 2001; Phillips et al., 2003; Ochsner et
al., 2004a,b). Based on data in animal models (Hranilovic et al.,
2008) and on previous knowledge of dopamine projections and
D, receptor distribution, we hypothesized differential activity
and functional connectivity of these brain regions during emo-
tion processing based on the DRD2 rs1076560 polymorphism.

Materials and Methods

Subjects. One hundred thirty-four healthy subjects (84 females; mean =
SD, 26.4 = 6.7 years) participated. Inclusion criteria were absence of any
psychiatric disorder, as evaluated with the Structured Clinical Interview
for Diagnostic and Statistical Manual of Mental Disorders IV, of any
significant neurological or medical condition revealed by clinical and
magnetic resonance imaging evaluation, of history of head trauma with
loss of consciousness, and of pharmacological treatment or drug abuse in
the past year. The Wechsler Adult Intelligence Scale—Revised was used to
evaluate intelligent quotient (IQ) (mean * SD, 111.1 * 13.9) and the
Edinburgh Inventory (Oldfield, 1971) to measure handedness (mean *=
SD, 0.7 £ 0.4).

To examine the association of genotypes with brain activity during
emotion processing in groups matched for a series of variables, including
sample size, we selected a subsample of 24 subjects (12 GG, six males;
mean * SD age 0of 24.7 = 4.0 years, IQ of 115.7 = 13.7, handedness 0.6 =
0.37; 12 GT, six males, mean = SD age of 24.0 + 4.7 years, IQ of 109.0 =
16.7, handedness 0.5 = 0.6) ( p > 0.35 for all variables), who underwent
fMRI during emotional perceptual processing and explicit emotional
evaluation of faces with different facial expressions.

The present experimental protocol was approved by the local institu-
tional review board. After complete description of the study to the sub-
jects, written informed consent was obtained.

Genotyping. Subjects were genotyped for DRD2 rs1076560. This SNP
was analyzed with allele-specific PCR primers as described previously
(Papp et al., 2003; Zhang et al., 2007; Bertolino et al., 2009a,b). One
hundred six subjects were GG and 28 GT. This distribution displayed
Hardy—Weinberg equilibrium (x* = 0.001; p = 0.99). None of the sub-
jects was homozygous for the T allele, consistent with previous studies
(Zhang et al., 2007).

To partially control for occult stratification within other genetic vari-
ants known to be associated with limbic brain activity, we also genotyped
all subjects for COMT Val **Met (rs4680), 5-HTTLPR polymorphism
(rs4795541) within the serotonin transporter gene (SLC6A4), BDNF
Val®Met (rs6265), and monoamine oxidase A (MAO-A) u variable
number of tandem repeat (WWNTR) (Bertolino et al., 2005; Smolka et al.,
2005; Meyer-Lindenberg et al., 2006; Montag et al., 2008). COMT rs4680
genotype was determined as a restriction fragment length polymorphism
after PCR amplification and digestion with Nlalll, as described previ-
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ously (Bertolino et al., 2004). BDNF rs6265 genotype was determined by
direct sequencing. Briefly, the rs6265 region was amplified using forward
5'-GGTGCAGCTGGAGTTTATCAC-3" and reverse 5'-GGTCTCG-
TAGAAGTATTGCTTC-3' primers. PCR was performed in 25 ul of re-
action volume containing 100 ng of genomic DNA, 2.5 ul of reaction
buffer (100 mm Tris, pH 8.3, and 500 mm KCl), 2 mm MgCl,, 100 um
dNTP, 2 pmol of each primers, and 1 U of Ampli Taq Gold Polymerase
(Applied Biosystems) with the following cycling profile: 12 min initial
denaturation at 94°C; 35 cycles of denaturation at 94°C for 45 s, anneal-
ingat 58°C for 45 s, extension at 72°C for 1 min, followed by 7 min of final
extension step at 72°C. PCR products were sequenced in both directions
using BigDye Terminator chemistry and run on ABI Prism 3100 DNA
Sequencer (Applied Biosystems).

Size polymorphisms of the MAO-A gene uVNTR polymorphism were
screened by PCR and capillary electrophoresis. The uVNTR region was
amplified using primers described previously (Sjoberg et al., 2008), the
forward primer labeled with 6-FAM dye for visualization. PCR was per-
formed on 30-50 ng of DNA, in buffer (100 mm Tris, pH 8.0, 500 mm
KCl, and 3.0 mm MgCl,), 200 um dNTP, 2 pmol of each primer, and 1 U
of Taq polymerase (Applied Biosystems). Cycling conditions were as
follows: initial denaturation at 95°C for 2 min, followed by 30 cycles of
denaturation at 94°C for 30 s, annealing at 63°C for 30 s, and extension at
72°C for 45 s, with a 15 min final extension at 72°C. The samples were run
on ABI3730XL DNA Analyzer (Applied Biosystems). Results were ana-
lyzed using GeneMapper version 3.5 (Applied Biosystems).

To determine the SHTTLPR (rs4795541) polymorphism, we used a
touchdown PCR protocol and capillary electrophoresis. Primer se-
quences have been described by Gelernter et al. (1997), the forward
primer labeled with 6-FAM dye for visualization. PCR was performed on
30-50 ng of DNA in 5 ul of 5X Colorless GoTaq Reaction Buffer (Pro-
mega), 0.24 mm MgCl,, 150 um ANTP, 10 pmol of each primer, and 1 U
of GoTaq DNA Polymerase (Promega). Cycling conditions were as fol-
lows: initial denaturation at 94°C for 2 min; five cycles of denaturation at
94°C for 1 min, annealing at 66°C for 30 s, and extension at 72°C for 1
min; 20 cycles of denaturation at 94°C for 1 min, annealing at 64°C for
30 s, and extension at 72°C for 1 min; 10 cycles of denaturation at 94°C
for 1 min, annealing at 62°C for 30 s, and extension at 72°C for 1 min with
a 10 min final extension at 72°C. The samples were run on ABI3730XL
DNA Analyzer (Applied Biosystems). Results were analyzed using Gen-
eMapper version 3.5 (Applied Biosystems).

BFQ. All subjects completed the BFQ (Caprara et al., 2003), measuring
the Big Five Factors Model (McCrae and Costa, 1987). This question-
naire includes five dimensions (energy, friendliness, conscientiousness,
emotional stability, and openness), which are organized into two facets
each (energy: dynamism and dominance; friendliness: cooperativeness
and politeness; conscientiousness: scrupulousness and perseverance;
emotional stability: emotion control and impulse control; openness:
openness to culture and openness to experience). In particular, the di-
mension “emotional stability” refers to aspects of “negative affectivity”
(Caprara et al., 2003). In more detail, within this dimension, the facet
“emotion control” is defined as the capacity to cope adequately with
one’s own anxiety and emotionality, whereas the “impulse control” facet
refers to the capability of controlling irritation, discontent, and anger
(Caprara et al., 2003).

fMRI experimental paradigm. The event-related fMRI paradigm
consisted of two runs: each run presented angry, fearful, happy, and
neutral facial expressions from a validated set of facial pictures (NimStim,
http://www.macbrain.org/resources.htm) (Tottenham et al., 2009). The
order of stimuli was randomly distributed. However, the same stimuli
were presented in both runs with the same order. During one run (emo-
tional perceptual processing: implicit processing), subjects identified the
gender of each face. In the other run (explicit emotional evaluation:
explicit processing), they had to decide whether they would like to “ap-
proach” or “avoid” the face. From stimulus appearance, 2 s were allowed
for behavioral responses. The presentation of the two runs was counter-
balanced across subjects.

Each stimulus was presented for 500 ms, with the interstimulus inter-
val randomly jittered between 2 and 7 s. The total number of stimuli was
144: 30 angry, 39 fearful, 37 happy, and 38 neutral faces. Duration of each
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run was 6 min 8 s. A fixation crosshair was presented during the inter-
stimulus interval.

fMRI data acquisition. fMRI was performed on a GE Signa 3T scanner
with a gradient echo-planar imaging sequence (repetition time, 2000 ms;
echo time, 28 ms; 26 interleaved slices, thickness of 4 mm, gap of 1 mm;
voxel size, 4 X 4 X 5 mm; scan repetitions, 180; flip angle, 90° field of
view, 24 cm; matrix, 64 X 64). The first four scans were discarded to allow
for signal saturation. All stimuli were presented via a back-projection
system. A fiber optic response box was used to measure subject prefer-
ence (and reaction time) for each stimulus:- left button for approach/
male response and right button for avoid/female response.

Postscanning. After the fMRI scanning session, we called back the sub-
jects (17 of 24, 10 GG and 7 GT; the others were not available) to assess
the emotional impact of each facial expression shown during the task.
Subjects were asked to view again all pictures previously presented on a
computer screen and to rate, in a forced-choice way, the emotional im-
pact elicited by facial expressions in the pictures. Responses were given
on the basis of a 5-point Likert scale (no impact, low impact, some
impact, high impact, and maximum impact). This scale was then con-
verted in numerical values (respectively, 1, 2, 3, 4, and 5) to allow corre-
lation analysis with significant blood oxygen level-dependent (BOLD)
responses.

Data analysis. ANOVA and y* test were used to compare demograph-
ics, distribution of the other genetic polymorphisms within DRD2
rs1076560 groups, and behavioral measures. Fisher’s least significant dif-
ference test was used for post hoc comparisons. Statistical Parametric
Mapping 5 (SPM5, http://www.fil.ion.ucl.ac.uk/spm) was used for imag-
ing analysis. Images for each subject were realigned, spatially normalized
into the Montreal Neurological Institute template (12-parameter affine
model), and spatially smoothed (10 mm Gaussian filter). After realign-
ment, datasets were also screened for high quality (scan stability) as
demonstrated by small motion correction (<2 mm translation, <1.5°
rotation). fMRI responses were modeled using a canonical hemody-
namic response function and temporally filtered using a high-pass filter
of 128 Hz to minimize scanner drift. For both runs, vectors were created
for angry, fearful, happy, and neutral faces. Residual movement was
modeled as regressor of no interest. Predetermined condition effects at
each voxel were created using a f statistic, producing a statistical image for
BOLD responses to brain processing of stimuli representative of each
condition, i.e., angry, fearful, happy, and neutral faces versus fixation
crosshairs during both runs. ANOVA was then used at the group level to
investigate the main effect of task, of facial expression, of genotype, and
their interactions. These analyses were constrained by a mask obtained by
combining group activation maps associated with processing of each
facial expression during each task. Therefore, voxels significant for either
task or emotion were included in the final mask. To reduce the probabil-
ity of type II errors, the statistical threshold used for these masks was set
at p < 0.05, uncorrected.

Psychophysiological interaction (PPI) analysis was also performed to
explore the association of DRD2 rs1076560 genotype with brain func-
tional connectivity during the emotion task. With this purpose, we used
as seeds clusters in which significant task X genotype interactions were
found. In particular, we investigated functional connectivity of the left
amygdala during implicit processing and of left dorsolateral prefrontal
cortex (DLPFC) during explicit processing. The first eigenvariate of in-
dividual raw activation time courses was extracted by using singular
value decomposition method from a volume of interest (VOI) centered
on the subject-specific peak cluster within the seed regions. These time
courses were then mean centered, high-pass filtered, and deconvolved. A
general linear model was computed using three regressors: a physiologi-
cal regressor (the time course response in the VOI), a psychological re-
gressor (the presentation of emotional faces), and a psychophysiological
interaction term, calculated as the cross-product of the previous two
terms. The individual psychophysiological interaction contrasts for each
seed were entered into separate ANOVAs to investigate the main effect of
genotype, of emotion, and their interaction.

For fMRI analyses, a statistical threshold of p < 0.001, minimum
cluster size (k) = 6, followed by familywise error small volume correction
at p < 0.05 within the task associated clusters of activity in amygdala and
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Figure 1.  Plots showing the association of DRD2 rs1076560 with BFQ scores. Only the emo-
tion control facet was significantly different between the two genotype groups. *p < 0.05. For
statistics, see Results. Dy, Dynamism; DO, dominance; Co, cooperativeness; Po, politeness; Sc,
scrupulousness; Pe, perseverance; Ec, emotion control; I, impulse control; Oc, openness to
culture; Oe, openness to experience; Conscient, conscientiousness.

DLPEG, as well as within the clusters of functional connectivity in medial
prefrontal cortex.

Finally, BOLD responses and PPI values were extracted from signifi-
cant clusters using MarsBar (http://marsbar.sourceforge.net/) and en-
tered in Spearman’s correlations to investigate the potential relationship
between emotional behavior and brain responses in DRD2 rs1076560
genotype groups. In particular, we hypothesized a potential relationship
between brain regions differentially activated by the two genotype groups
during explicit emotion processing and postscanning scores relative to
explicit evaluation of the emotional impact of the facial stimuli of the
fMRI task. Therefore, Spearman’s analysis was performed between
BOLD responses in the DLPFC region showing a genotype X task inter-
action (see Results) and scores of emotional impact. Using Spearman’s
correlations, we also examined potential relationships between areas
with differential activity and functional connectivity between the two
genotype groups and emotional behavior. Given the exploratory nature
of these latter correlations, results were corrected for the number of
statistical tests performed.

Results
BFQ
The two DRD2 151076560 genotype groups were well matched in
terms of age, gender, IQ, handedness (all p > 0.25), and distribution
of the other examined genotypes [COMT Val "**Met (rs4680): df =
2, x> = 1.43,p > 0.4; SHTTLPR rs4795541: df = 2, x> = 3.4,p >
0.1; BDNF Val*®Met rs6265: df = 2, x* = 4.5, p > 0.1; MAO-A
uVNTR: df = 2, x> = 3.2, p > 0.1]. A repeated-measures
ANOVA, with DRD2 rs1076560 genotype as the independent
factor together with the five dimensions and the 10 facets of the
Big Five Questionnaire as repeated-measures dependent factors,
showed no effect of genotype (F; 13, = 0.78, p = 0.37), an inter-
action between genotype and dimension (F(, 5,5 = 2.40, p =
0.048), as well as an interaction between genotype, dimension,
and facet (F 4 5,5y = 3.70, p = 0.005). This last interaction would
also survive Bonferroni’s correction for the number of facets
( p = 0.05). Post hoc analysis with Fisher’s test revealed that DRD2
rs1076560 genotype was associated with scores on the emotion
control facet within the emotion stability dimension only (p =
0.002) such that GG subjects had significantly reduced scores on
this specific facet (Fig. 1). No other significant association of
DRD?2 rs1076560 genotype with other BFQ facets was found (all
p>0.4) (Fig. 1).

In the fMRI sample, a f test to specifically evaluate the emotion
control facet of the BFQ demonstrated a statistically significant
effect of DRD2 rs1076560 genotype on this variable (df = 22, t =
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Figure2. A, Plot showing reaction time data during implicit and explicit processing of faces
stimuli. For statistics, see Results. *p << 0.05. B, Coronal section and rendered image showing
brain regions in which a DRD2 rs1076560 genotype X task interaction was present, i.e., left
amygdala and left lateral prefrontal cortex. C, For illustrative purposes, parameter estimates
extracted from clusters shown in 4 displaying BOLD response in left amygdala and left lateral
prefrontal cortex during the implicit and the explicit part of the task as a function of DRD2
151076560 genotype.
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—3.6, p = 0.001), which was in the same direction as in the larger
sample (GG < GT).

fMRI

Behavioral data

No statistically significant effects were present on accuracy data
(all p > 0.4). Reaction time data indicated a main effect of task
(F(1,22) = 20.9, p = 0.0001, explicit slower than implicit), of facial
expression (F; 4 = 6.1, p = 0.001, faster responses to happy
faces than to all other expressions, all p < 0.05), and an interac-
tion between task and facial expression (F; 45, = 7.5, p = 0.0002,
slower responses to angry, fearful, and neutral relative to happy
facial expressions during explicit processing, all p < 0.03). Of
note, there was a main effect of DRD2 genotype (F, ,,) = 4.5,p =
0.04) and an interaction between genotype and task (F; ,,, = 8.1,
p = 0.01, slower responses for GG subjects only during explicit
processing, p < 0.01) (Fig. 2A). No other significant effects were
found (all p > 0.6).

Effect of facial expression on approach/avoid judgments during the
explicit processing run of the fMRI task

Repeated-measures ANOVA indicated an effect of facial ex-
pression on percentage of facial stimuli that received an avoid
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Table 1. Local maxima of brain activity and functional connectivity showing
significant DRD2 rs1076650 effects during implicit and explicit processing of
emotional stimuli as elicited by the task used in this study

MNI coordinates

Brain region BA x y z k 7
Activity
Main effect of genotype
Left amygdala =15 =7 =22 10 5.09
Left inferior frontal gyrus 51 —60 26 1M 51 489
Left superior frontal gyrus 6 —11 15 68 6 362
Main effect of task
Left inferior frontal gyrus 46 —49 41 15 4 4%
Left superior frontal gyrus 6 —4 19 5 19 381
Left amygdala -15 -7 =11 10 335
Interaction: genotype X task
Left amygdala =15 -7 -1 6 322
Left superior frontal gyrus 9 38 45 34 19 4715
PPI

Explicit processing: seed in left BA9
Interaction: genotype X emotion
Left superior frontal gyrus 8 —15 41 45 6 342
Implicit processing: seed in left amygdala
Interaction: genotype X emotion
Left superior frontal gyrus 8 —15 38 49 12 335

MNI, Montreal Neurological Institute.

response (F (3 9y = 84.2, p < 0.0001). Fisher’s post hoc analysis
indicated no statistical difference between the number of fear-
ful and angry faces that subjects judged they would avoid
(mean avoided fearful faces, 77.1%; mean avoided angry faces,
83.2%; p > 0.2). These facial expressions received higher rates
of avoid response. Furthermore, subjects judged they would
avoid a significantly lower number of neutral relative to fearful
and angry faces (mean avoided neutral faces, 40.0%; both p <
0.0001). Finally, happy expressions received lower percentage
of avoid responses, with statically significant differences rela-
tive to all other facial expressions (mean avoided happy faces,
13.0%; all p < 0.0001).

Genotype and facial expression effects on postscanning emotional
impact scores

Repeated-measures ANOVA on the emotional impact scores
showed no effect of genotype (F, ;5, = 0.48, p = 0.5), an effect of
facial expression (F; 45y = 27.51, p < 0.0001), and no interaction
between these variables (F; 45, = 2.14, p = 0.1). Fisher’s post hoc
analysis revealed greater emotional impact for all emotionally
charged relative to neutral expressions ( p < 0.0001) but no sig-
nificant difference between the different emotionally charged fa-
cial expressions (all p > 0.6).

Imaging data

BOLD response

ANOVA demonstrated a main effect of task in medial and lateral
prefrontal regions, as well as in left amygdala: a main effect of
facial expression in left amygdala (x, y, zz —26, —4, —19; k = 19;
Z = 3.84) and left lateral prefrontal cortex [Brodmann area 45
(BA45); x,y, z2 —60, 26, 11; k = 39; Z = 3.75], and a main effect
of genotype in medial prefrontal cortex, left lateral prefrontal
regions, and left amygdala (Table 1). An interaction between ge-
notype and task was present in left amygdala and left DLPFC
(Table 1, Fig. 2 B). Specific post hoc contrasts revealed that GG
subjects had greater left amygdala activity during implicit pro-
cessing (Z = 4.87) and greater prefrontal response during explicit
processing (Z = 6.06) in the clusters showing a gene X task
interaction. Inspection of BOLD signal extracted from these
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amygdala and dorsolateral prefrontal
clusters was consistent with the SPM data
(Fig. 2C). No other statistically significant
interactions were found.

We also examined potential relation-
ships between activity during the explicit
condition in the DLPFC region showing a
task X genotype interaction and the
postscanning ratings of emotional im-
pact. Spearman’s correlation analysis
indicated in GG subjects a positive corre-
lation between mean scores of emo- ; ::j(,v

tional impact and DLPFC activity £ 04

(p = 0.7, p = 0.01). This relationship =09 %
was not evident in GT subjects (p = = 04|
—0.03,p = 0.9). -(ll.::

PPI 132 happy
PPI analyses indicated no main effect of ® GG
genotype on left amygdala and left DLPFC er

functional connectivity during implicit
and explicit emotional processing, respec-
tively. However, an interaction between
genotype and facial expression was found
for PPI between both seeds and clusters in
medial prefrontal cortex (Table 1, Fig. 3).
PPI measures extracted from both these
clusters indicated positive values for
emotionally charged facial expressions
(angry, fearful, and happy) and negative
for neutral faces in GT subjects, whereas
the opposite pattern was evident in GG
individuals (Fig. 3).

Spearman’s test in GT individuals re-
vealed positive correlations of emotion
control scores with mean PPI values be-
tween medial prefrontal regions and both

Figure 3.

mPFC PPI

rOntdl resle ; 0.4

left amygdala during implicit processing

and left DLPFC during explicit processing = o2 e

of emotionally charged facial expressions cE ™

! ! =202 L4

(left amygdala with medial prefrontal cor- &S ol

tex: p = 0.81, p = 0.001, after correction £0 -"'(V

for the number of correlations, p = 0.008; ?l = :0.,;.

left DLPFC with medial prefrontal cortex:
p = 0.77, p = 0.004, after correction for
the number of correlations, p = 0.03).
Conversely, no such relationship was evi-
dent in GG subjects (left amygdala—medial
prefrontal cortex: p = —0.05, p = 0.87; left
DLPFC-medial prefrontal cortex: p =
—0.24, p = 0.46) (Fig. 4).
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happy) extracted from clusters displayed in Figure 3 during implicit (x, y, z —15, 38, 49) (left scatter plots) and explicit (x, y, z:
—15, 41, 45) (right scatter plots) processing and emotion control scores as measured with the BFQ. In GT individuals, positive
relationships are present during both implicit and explicit processing, whereas in GG subjects, no such relationships have been

found. For statistics, see Results. mPFC, Medial prefrontal cortex.

Discussion

The results of the present study suggest

that DRD2 rs1076560 genotype is associated with specific param-
eters of emotion processing. At the behavioral level, there was a
specific effect within the emotion stability dimension of the BFQ.
In particular, GG subjects had reduced emotion control scores
relative to GT subjects. Furthermore, GG subjects were slower
when explicitly processing facial stimuli. The fMRI data indicated
that GG subjects had greater left amygdala activity during im-
plicit processing and greater left DLPFC signal during explicit
processing of facial expressions. Consistently, activity in

DLPEC of GG subjects was correlated with ratings of the emo-
tional impact of facial stimuli presented during the task. Further-
more, DRD2 rs1076560 genotype and facial expressions were
differentially associated with functional connectivity of medial
prefrontal areas with amygdala during implicit processing and
with DLPFC during explicit processing. In particular, GG indi-
viduals had negative PPI while evaluating emotionally charged
faces, whereas PPI was positive in GT subjects. Conversely, pro-
cessing of neutral expressions was associated with the opposite
pattern. Behavioral relevance of these data is further suggested by
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analysis of the relationship between amygdala/DLPFC-medial
prefrontal cortex functional connectivity during processing of
emotionally charged faces and emotion control scores, which
indicated significant positive correlations in GT subjects only.

Studies in animal models have indicated that dopamine D,
receptor signaling is involved in emotional behavior (Gendreau
etal., 1998; Guarraci et al., 2000; Greba et al., 2001) and in activity
of amygdala and prefrontal cortex, brain regions centrally impli-
cated in emotion processing (Levey et al., 1993; Rosenkranz and
Grace, 2001; Seamans and Yang, 2004). Of note, these brain areas
are functionally connected during management of emotional in-
puts (Pezze and Feldon, 2004; Stein et al., 2007). Our results
suggesting association of emotional behavior and physiology
during emotion processing with genetically determined D, sig-
naling are consistent with these data. In particular, in GG sub-
jects, we found lower emotion control scores and lower speed of
processing of emotionally relevant explicit stimuli, as well as
greater amygdala and DLPFC activity, respectively, during im-
plicit and explicit processing of emotionally relevant stimuli.
These results may indicate that a ratio of D, receptors favoring
the presynaptic form (D,S) may predispose GG subjects to lower
capacity of handling emotional inputs. In this sense, these data
are consistent with previous findings in animals expressing only
the D,S receptor, which has greater levels of behavioral anxiety in
the form of lower level of exploration and increased latency to
escape from harmful situations (Hranilovic et al., 2008). Con-
versely, lack of DRD2 rs1076560 genotype association with the
impulse control scale within the emotional stability dimension of
the BFQ is consistent with other studies indicating no effect of D,
signaling on impulsive behavior (Arnsten and Li, 2005; van
Gaalen et al., 2006) and suggests a specific association of DRD2
rs1076560 genotype with emotion control.

The association of this DRD2 genotype with amygdala activity
during implicit processing is consistent with the known role of
this brain region in perception of emotionally relevant inputs
(LeDoux, 1998; Hariri et al., 2000; Salgado-Pineda et al., 2005)
and with data suggesting involvement of D, receptors in amyg-
dala responses (Pezze and Feldon, 2004). Furthermore, differen-
tial DLPFC response associated with this polymorphism during
explicit processing is in line with several studies involving this
brain region in emotional regulation (Phillips et al., 2003), as well
as with the well established relevance of D, signaling in activity of
prefrontal neurons (Seamans and Yang, 2004).

Altogether, these results suggest that genetically determined
D, signaling is associated with task- and region-specific effects. In
fact, the two DRD2 rs1076560 genotype groups have differential
BOLD responses in amygdala and DLPFC during tasks in which
these brain regions are more specifically involved, i.e., implicit
emotion perception and explicit emotional evaluation, respec-
tively. Furthermore, specificity of the present results for the
emotional domain is also suggested by our previous data on as-
sociation of brain activity with DRD2 rs1076560 genotype during
cognition. In particular, differential activity between GG and GT
subjects in striatum and DLPFC was found during working
memory. However, the results of that study were in the opposite
direction, with greater BOLD responses in GT subjects relative to
GG individuals (Zhang et al., 2007). In this respect, the present
data are consistent with those reported in other studies investi-
gating the COMT Val '**Met (rs4680) polymorphism revealing
pleiotropic opposite effects in the cognitive and emotional do-
mains (Blasi et al., 2005; Smolka et al., 2005).

The DRD2 rs1076560 polymorphism was also associated with
opposite effects on functional connectivity between amygdala
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and DLPFC with medial prefrontal regions during implicit and
explicit processing of emotionally and non-emotionally charged
facial expressions. During both emotional processes investigated
with our task, positive PPI values (i.e., a positive relationship
between activity in amygdala and in DLPFC with that in medial
prefrontal regions) were found in GT subjects while evaluating
emotionally charged facial expressions, whereas they were nega-
tive (i.e., the opposite as before) in GG individuals. Of note, these
medial prefrontal regions had overlapping spatial location during
both implicit and explicit processing. Previous studies have asso-
ciated dorsal regions of the medial prefrontal cortex with process-
ing of emotional stimuli. For example, fMRI studies have
indicated involvement of these medial brain areas in reappraisal
of stimuli with negative valence (Ochsner et al., 2004b), attention
to own emotional response to external stimuli (Gusnard et al.,
2001), regulation of negative emotions (Ochsner et al., 2004a),
and cognitive evaluation of emotional stimuli (Rubino et al,
2007). Therefore, the results of the present study suggest that
functional connections between relevant nodes of the emotional
network, such as the medial prefrontal cortex, the amygdala, and
the DLPFC, during different emotional processes may be associ-
ated with genetically determined dopamine signaling. Further-
more, GT subjects had positive correlations between amygdala/
DLPEC functional connections with medial prefrontal regions
and emotion control scores, whereas no such relationship was
present in GG individuals. These results are in line with other
studies showing effects of genetically determined modulation of
dopamine signaling on the relationship between physiology and
behavior (Drabant et al., 2006). Moreover, they suggest that vari-
ations in dopamine signaling related with the DRD2 rs1076560
polymorphism may be implicated in changes of functional con-
nections within the emotional network and in their impact on
processing of emotionally salient stimuli.

Interestingly, the results of the present study vary with regard
to their specificity for emotionally charged stimuli. For example,
there was no interaction of BOLD effects with facial expression,
which was instead associated with PPI effects. Differential effects
of specific variables on either activity of discrete brain regions or
brain functional coupling is not new in the fMRI literature
(Williams et al., 2006; Meyer-Lindenberg, 2009; Prata et al.,
2009). Some recent studies have also reported no effect of geno-
type on regional brain activation along with very robust effects on
PPI (Esslinger et al., 2009). Another factor that may be associated
with these differences is that perception of different facial expres-
sions may involve greater functional integration of activity of
different brain regions. Therefore, the physiological factors asso-
ciated with such processing may more likely and more strongly
affect measures of functional coupling in some brain regions.

A limitation of this study is that the present data do not allow
us to clarify the relevance of the examined variant for the risk
architecture of psychiatric disorders, because neither evidence for
an association of these particular phenotypes with patient popu-
lations nor evidence for their heritability is provided. However,
investigation of these phenotypes in patient populations was be-
yond the aim of this work.

In conclusion, all these data indicate that genetic variation in
DRD?2 modulating D, presynaptic versus postsynaptic signaling
are relevant to specific aspects of behavior and physiology during
emotion processing. Additional studies are needed to elucidate
the role of DRD2 151076560 in brain disorders with relevant emo-
tional deficits, including schizophrenia, depression, and anxiety
disorders.
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