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Serotonin Transporter Genotype and Action Monitoring
Dysfunction: A Possible Substrate Underlying Increased
Vulnerability to Depression

Avram ] Holmes', Ryan Bogdan' and Diego A Pizzagalli*"'
'Department of Psychology, Harvard University, Cambridge, MA, USA

A variable number of tandem repeats (short () vs long (L)) in the promoter region of the serotonin transporter gene (5-HTTLPR) and a
functional variant of a single-nucleotide polymorphism (rs25531) in 5-HTTLPR have been recently associated with increased risk for
major depressive disorder (MDD). In particular, relative to L/L or Ly homozygotes (hereafter referred to as L’ participants), S carriers or
L,-allele carriers (§ participants) have been found to have a higher probability of developing depression after stressful life events, although
inconsistencies abound. Previous research indicates that patients with MDD are characterized by executive dysfunction and abnormal
activation within the anterior cingulate cortex (ACC), particularly in situations requiring adaptive behavioral adjustments following errors
and response conflict (action monitoring). The goal of this study was to test whether psychiatrically healthy S participants would show
abnormalities similar to those of MDD subjects. To this end, 19 § and 14 L’ participants performed a modified Flanker task known to
induce errors, response conflict, and activations in various ACC subdivisions during functional magnetic resonance imaging.
As hypothesized, relative to L’ participants, S’ participants showed (1) impaired post-error and post-conflict behavioral adjustments;
(2) larger error-related rostral ACC activation; and (3) lower conflict-related dorsal ACC activation. As similar behavioral and neural
dysfunctions have been recently described in MDD patient samples, the current results raise the possibility that impaired action

monitoring; executive functioning; depression

INTRODUCTION

Both genetic and environmental factors are implicated in
the etiology of major depressive disorder (MDD; Wong and
Licinio, 2001). However, despite evidence indicating that
depression is heritable (Sullivan et al, 2000), few genes have
been consistently linked to MDD, and inconsistencies
abound. Given the relatively small effects of individual
genes and the heterogeneous nature of MDD, it is unlikely
that a one-to-one relationship between specific genes and
MDD exists (Sanders et al, 2004). Pinpointing possible
neurobiological abnormalities associated with individual
symptoms or core disease dysfunctions might provide a
useful platform for improving our understanding of the
etiology of MDD. Accordingly, reducing heterogeneity
through the study of less complex and more clearly
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monitoring and associated ACC dysregulation may represent risk factors linked to increased vulnerability to depression.
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delineated aspects of MDD could enhance our ability to
isolate ‘endophenotypes,’ ie, phenotypes lying within the
causal chain between gene and disorder (Hasler et al, 2004).

Impaired executive functioning is a hallmark feature of
depression (Austin et al, 2001). In particular, individuals
with MDD are characterized by ‘action monitoring’ deficits,
including reduced accuracy in trials after mistakes (Beats
et al, 1996; Elliott et al, 1996; Holmes and Pizzagalli, 2008b)
or involving conflict between competing responses
(Paradiso et al, 1997; Siegle et al, 2004). Fitting conceptua-
lizations that impaired action monitoring may reflect an
important depressive endophenotype (Olvet and Hajcak,
2008), such deficits have also been described in individuals
at increased genetic risk for MDD (Althaus et al, 2009;
Fallgatter et al, 2004) or in those in remission (Vanderhasselt
and De Raedt, 2009).

Parallel cognitive neuroscience research has greatly
advanced our understanding of action monitoring. The
anterior cingulate cortex (ACC), in particular, plays a key
role in the generation of adaptive behaviors after errors and
fluctuating task difficulty (Botvinick et al, 1999). High-
lighting functional specialization, dorsal ACC (dACC) and
rostral ACC (rACC) regions are preferentially recruited
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during conflict monitoring and error processing, respec-
tively (Ridderinkhof et al, 2004). Recently, data indicating
that MDD is characterized by region-specific ACC dysfunc-
tions have emerged. Thus, in response to errors, MDD
subjects show potentiated rACC activation (Holmes and
Pizzagalli, 2008b), consistent with ERP studies highlighting
increased error sensitivity in depression (Chiu and Deldin,
2007; but see Schrijvers et al, 2008, 2009). Conversely,
during high-response conflict trials, MDD subjects show
reduced dACC activation (George et al, 1997; Holmes and
Pizzagalli, 2008a). Whether impaired action monitoring and
associated ACC dysregulation represent correlates of, or
vulnerability factors for, MDD is largely unknown.

A variable number of tandem repeats (VNTRs; short (S)
and long (L)) in the promoter region of the serotonin
transporter (5-HTTLPR) gene might confer increased MDD
risk, particularly following stress (Brown and Harris, 2008;
Caspi et al, 2003; cf. Risch et al, 2009). Critically, healthy
S-allele carriers have heightened ERN amplitude (Althaus
et al, 2009; Fallgatter et al, 2004), suggesting that the action
monitoring dysfunction may be a mechanism contributing
to the increased vulnerability to depression. Of relevance, a
functional variant of a single-nucleotide polymorphism
(SNP; 1rs25531, A/G) in 5-HTTLPR has also been
found to impact the function of the serotonin transporter
(5-HTT). Specifically, when combined with the L VNTR
allele, the G allele results in 5-HTT mRNA levels and clinical
outcomes similar to the S allele (Hu et al, 2005; Murphy
et al, 2008; Zalsman et al, 2006). Thus, lack of consideration
of this SNP might explain some of the inconsistencies in
the literature.

The goal of this study was to test whether the S and/or Lg
allele might confer an increased risk for depression through
action monitoring deficits and dysregulated ACC function-
ing. To this end, we collected functional magnetic resonance
imaging (fMRI) data during performance of a task known to
induce errors and response conflict from psychiatrically
healthy participants genotyped for both the 5-HTTLPR
VNTR and the SNP. Given previous evidence of (1)
increased risk for depression in S-allele and Lg-allele
carriers (Caspi et al, 2003; Zalsman et al, 2006), (2)
increased ERN amplitudes in S-allele carriers (Althaus
et al, 2009; Fallgatter et al, 2004), and (3) heightened rACC
response to errors and impaired post-error behavioral
adjustments in MDD (Chiu and Deldin, 2007; Holmes and
Pizzagalli, 2008b), we hypothesized that S- and Ls-allele
carriers (hereafter referred to as '), relative to La/Ly4
homozygotes (hereafter referred to as L), would exhibit
increased rACC activation to errors and decreased post-
error performance. In addition, given conflict-monitoring
deficits and associated decreased dACC activation in MDD
(Holmes and Pizzagalli, 2008a), we expected reduced
behavioral performance and decreased dACC activity
during high-response conflict trials in the §' group, relative
to the L’ group.

MATERIALS AND METHODS
Participants

Between November 2006 and May 2008, 38 right-handed
participants were recruited from the Boston area. Exclusion
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criteria included current/past Axis I or neurological
disorder, current/past psychotropic medication, acute
physical illness, and loss of consciousness. To prevent
population stratification confounds, Caucasians of European
ancestry were recruited. Participants provided written
informed consent to a protocol approved by the Committee
on the Use of Human Subjects in Research (Harvard
University) and Partners Health Care System Human
Subjects Committee.

The Structured Clinical Interview for the DSM-IV (SCID;
First et al, 2007) was administered by masters-level clinicians
to assess eligibility. Eligible participants completed the Beck
Depression Inventory-II (BDI-II; Beck et al, 1996), the Mood
and Anxiety Symptom Questionnaire (MASQ; Watson et al,
1995), and the Perceived Stress Scale (PSS; Cohen et al, 1983)
to assess anxiety, depression symptoms, general distress, and
perception of ongoing stressors. Genotyping was accom-
plished using a saliva sample (Oragene, DNA Genotek,
Ottawa, ON, Canada). Data pertaining to fMRI were collected
within 1 week of the SCID. Participants were debriefed after
study completion and compensated with $10 per hour and
$60 for the interview and fMRI session, respectively. Data
obtained from five participants were lost because of chance
performance (n=1), technical issues (1n=3), or excessive
head movement (n=1). The final sample consisted of 33
participants (L': n=14, §': n=19). Genotype groups did not
differ in any demographic or self-reported variable (Table 1).

Flanker Task

Trials began with a probe consisting of five arrows
presented in the center of the screen. Participants were
instructed to respond as quickly and accurately as possible
with the index finger of their hand corresponding to the
direction the center arrow was pointing. Trials were either
congruent (‘< <<<<, ‘>>>>>") or incongruent
(‘<<><<) “>><>>"). To familiarize participants
with the task, and to generate reaction-time (RT) data
required to compute individually titrated response windows

Table I Summary of Demographic and Self-Report Data

Variable L' subjects S’ subjects y*lt-value p-value
(n=14) (n=19)
Mean SD Mean SD
Age 2292 407 2388 30l 0.74 >0.46
Years of education 1581 373 1647 242 0.60 >0.55
Percentage female = 64.3 N/A 632 N/A 0.004 >094
BDIII [ 1.56 100 124 022 >0.83
MASQ AA 18.29 138 1795 263 044 >0.67
MASQ AD 4786 1088 4542  9.80 051 >05]1
MASQ GDA 14.71 439 1347 237 0.88 >0.38
MASQ GDD 15.74 723 1436 244 0.68 >0.50

Abbreviations: AA, anxious arousal; AD, anhedonic depression; BDI-II, Beck
Depression Inventory (Beck et al, 1996); GDA, general distress-anxiety; GDD,
general distress-depression; MASQ, Mood and Anxiety Symptom Questionnaire
(Watson et al, 1995).
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(see below), a practice block was presented before data
collection (46 congruent, 24 incongruent trials).

After the presentation of the practice block, participants
completed 5 blocks during fMRI data collection, each with
46 congruent and 24 incongruent trials. Trials consisted of a
probe presented for 200 ms, followed by a variable inter-
trial interval (ITI; 2250-7250ms). During experimental
blocks, feedback was presented for 300 ms, followed by a
variable ITI (2250-7250 ms). Positive feedback (a schematic
smiling face) followed correct responses made within the
individually titrated response window (85th percentile
of each participant’s practice RT). Negative feedback
(a schematic frowning face) followed incorrect responses,
or responses exceeding the response window. To accom-
modate performance shifts, the response window was
updated at the midpoint and endpoint of each block.

The number of congruent trials preceding each incon-
gruent trial was fully randomized using optseq2 (http://
surfer.nmr.mgh.harvard.edu/optseq/). To maximize statis-
tical orthogonality among conditions, ISIs and ITIs were
determined using a genetic algorithm (Wager and Nichols,
2003).

Genetic Analyses

DNA was purified, extracted, hydrated, and stored at
—80°C. 5-HTTLPR VNTR and SNP (rs25531) genotyping
was performed following established procedures (Wendland
et al, 2006). Briefly, in a 20pl solution, genomic DNA
(25 ng) was amplified through a PCR in the presence of 1 x
multiplex master mix (Qiagen, Valencia, CA) and primers
(forward: 5-TCCTCCGCTTTGGCGCCTCTTCC-3'; reverse:
5'-TGGGGGTTGCAGGGGAGATCCTG-3; Integrated DNA
Technologies, Coralville, IA). Next, 7 ul of PCR product was
digested by Hpall (13 pl; New England BioLabs, Ipswich,
MA) in a reaction assay with 1 x NEBufferl and 1 x BSA
(Ambion, Foster City, CA). Finally, 4l of the remaining
PCR product and 18pl of the restriction enzyme assay
solution were loaded onto a 2.0% agarose gel (E-Gel,
Invitrogen, Carlsbad, CA) and visualized after 15, 25, and
45 min. Participants were grouped as L, homozygotes (L,/
Ls, n=14) and S or Lg carriers (S/S homozygotes, n =4; S/L
or S/L,, n=15). This choice was motivated by previous
research highlighting the functional dominance of the S
allele (Hariri et al, 2005; Brown and Hariri, 2006), and by
the observation that pairing of the G allele and L VNTR
allele results in functional (Hu et al, 2005) and clinical
(Zalsman et al, 2006) outcomes similar to those of the S
allele. Neither the VNTR nor SNP deviated significantly
from the Hardy-Weinberg equilibrium, both p’s > 0.81.

fMRI Acquisition

fMRI images were acquired on a 1.5-T Symphony/Sonata
scanner (Siemens Medical Systems; Iselin, NJ). The protocol
included a T1-weighted MPRAGE volume (TR/TE: 2730/
3.39 ms; FOV: 256 mm; voxel dimensions: 1 x 1 X 1.33 mm?;
128 slices), and 5 functional gradient echo T2*-weighted
echoplanar runs (TR/TE: 2500/35 ms; FOV: 200 mm; voxel
dimensions: 3.125 x 3.125 x 3mm?; 35 slices). Tilted slice
acquisition (30° to AC-PC line) and z-shimming were used
to minimize susceptibility artifacts (Deichmann et al, 2003).
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Data Reduction and Statistical Analyses

Behavioral data. Only trials with a response were
examined, and RT analyses were restricted to correct
responses. To minimize the influence of outliers, RTs
exceeding mean+3 SDs (after log transformation) were
excluded (3.17£3.97%). Primary analyses focused on
behavioral adjustments occurring with response conflict
and error commission. Flanker interference effects were
calculated as [RTIncongruent trials_RTCongruent trials] and
(AccuraCYCongruent trials _AccuraCYIncongruent trials) > with
higher scores indicating increased interference. The Gratton
effect, a measure of post-conflict behavioral adjustments
(Gratton et al, 1992), was calculated as [RTincongruent trials
following congruent trials_RTIncongruent trials following incongruent trials]
and [Accuracylncongruent trials  following incongruent trials™
AccuraCYIncongruent trials following congruent trials]’ with hlghef
scores reflecting increased cognitive control. Post-error
adjustments (Rabbitt, 1966; Laming, 1979) were operatio-
nalized as [RTAfter incorrect trials_RTAfter correct trials] and
[AccuracyAfter incorrect trials —ACCUI'aCYAfter correct trials] >
with higher scores indicating more adaptive behavioral
adjustments. Finally, following previous studies (eg, Kerns
et al, 2004), a ‘post-conflict RT adjustment score’ was
computed. This effect examines whether participants show
faster RT on incongruent trials preceded by incongruent
trials (iI) relative to incongruent trials preceded by
congruent trials (cI), as well as decreased RT on congruent
trials preceded by congruent trials (cC) relative to
congruent trials preceded by incongruent trials (iC). Post-
conflict RT adjustment scores were calculated as [(iC—cC) +
(cI—iI)]. For the sake of brevity, only effects involving
Group are reported for post-conflict RT adjustment scores.
Overall, to disentangle adjustment effects, analyses asses-
sing post-error adjustments were restricted to trials
following incongruent trials, whereas Flanker-Gratton
post-conflict adjustment effects were restricted to post-
correct trials.

Imaging data. Data were analyzed using FS-FAST and
FreeSurfer (http://surfer.nmr.mgh.harvard.edu/). After slice
time and motion correction, fMRI data were detrended and
spatially smoothed (Gaussian filter, FWHM: 6 mm”). Before
group analyses, data were resampled into MNI305 space
(2 mm? voxels).

Functional data were analyzed using a general linear
model (GLM), with motion parameters included as nuisance
regressors. The hemodynamic response was modeled as a
y-function (2.25-s delay, 1.25-s dispersion) and convolved
with stimulus/response onsets. A temporal whitening filter
was used to account for autocorrelation in the noise. A
random-effects model was implemented for population-
based inferences. For each participant, one mean image was
generated per condition and then combined in a series of
linear contrasts. Mimicking the behavioral analysis, only
trials with a response were considered.

Statistical Analyses

Behavioral data. Exploratory analyses revealed no effects of
demographics. As Shapiro-Wilk tests showed that the RT
and accuracy data were not normally distributed, all
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statistical tests were conducted on log-transformed data (for
ease of interpretation, non-normalized means and SDs are
presented in text and figures). Separate mixed 2 x2
analyses of variance (ANOVAs) with Group (L', §') and
Condition (eg, incongruent RT, congruent RT) as factors
were conducted. To examine post-conflict adjustments,
Group x Current Trial (incongruent trials vs congruent
trials) x Previous Trial (post-incongruent trials vs post-
congruent trials) ANOVAs were conducted. Post hoc New-
man-Keuls tests were conducted in case of significant
ANOVA findings.

fMRI data. Between-group whole-brain random effects
comparisons were computed for the contrasts of interest:
Flanker effects (incongruent correct responses > congruent
correct responses) and errors (incongruent error response-
s >incongruent correct responses). Given previous findings
of ACC abnormalities (Pezawas et al, 2005) and increased
ERN amplitudes (Althaus et al, 2009; Fallgatter et al, 2004)
in S-allele carriers, primary analyses targeted cingulate
regions. The left and right ACC (Brodmann areas (BAs)
24/32, and spanning into the posterior and subgenual
cingulate cortex, BAs 31/23/25) were defined through an
automated parcellation system (Fischl et al, 2004), which
was visually inspected for accuracy. To correct for multiple
comparisons, 10000 Monte Carlo permutations were run
(AlphaSim), yielding a combination of p<0.005 and 14-
voxel cluster extent to achieve a corrected p<0.05 within
the ACC. In case of significant findings, f-weights were
extracted from the cluster exceeding the statistical thresh-
old, averaged across voxels, and entered into Group X
Condition ANOVAs. As regions surviving the permutation
reflect, by design, significant Group x Condition interac-
tions, follow-up tests are directly reported.

Finally, secondary whole-brain analyses were performed.
On the basis of permutations considering the entire brain
volume, these analyses were thresholded at p <0.005 with a
minimum cluster extent of 79 voxels, yielding a corrected
p<0.05. Owing to the limited number of errors, analyses of
trials after an initial mistake were not possible.

RESULTS
Behavioral Data

Flanker effects. As expected, a main effect of Condition
(incongruent vs congruent) emerged for both log-trans-
formed accuracy (F(1,31)=75.19, p<0.001; partial
n*=0.71) and RT (F(1,31)=234.44, p<0.001; partial
n*=0.88) scores. Participants were more accurate
(0.99£0.02) and faster (432.08 +55.75ms) for congruent
relative to incongruent trials (accuracy: 0.83+0.09; RT:
517.89 £ 84.57ms). No effects involving Group emerged
(F’s <0.64, p’s > 0.43).

Post-error adjustment effects. When examining post-error
accuracy, the main effect of Condition (post-error vs post-
correct trials) was not significant (F(1,31) =0.45, p>0.51),
whereas the main effect of Group was trending
(F(1,31) =4.29, p<0.056; partial 172:0.12). Critically, the
Group x Condition interaction (F(1,31)=4.29, p<0.047;
partial 7> =0.12) was significant (Figure 1). Post hoc tests

5-HTTLPR and Action Monitoring
AJ Holmes et al

1.00 1
0.98
-
5]
@ 096
P
3
— 0.94 1
c
2 Hs
o 092 L'
o
0.90
0.88 T —
Post-correct Post-error
Figure I Mean (and SE) accuracy in trials immediately after an incorrect

vs correct trial for the [’ (n=14) and § (n=19) participants. To
disentangle error and congruency effects, only incongruent trials were
considered. Error bars represent SE.

showed that the interaction was due to the expected
increase in post-error (0.98 +0.03) relative to post-correct
(0.95 £ 0.06) accuracy for the L' group (p<0.046), but not
for the §' participants (post-error: 0.92+0.06 vs post-
correct: 0.94 £ 0.04; p>0.35). In addition, as hypothesized,
relative to the L' group, §' participants were significantly
less accurate after incorrect (p<0.005) but not correct
(p>0.77) responses. No significant effects emerged when
considering RT (F’s <1.91, p’s>0.18). Overall, these results
indicate significantly reduced post-error behavioral adjust-
ments (Laming effects) in the S’ group relative to the L’
participants.

Post-conflict adjustment effects. When considering accu-
racy, the main effect of Condition (post-congruent incon-
gruent trials vs post-incongruent incongruent trials)
was significant (F(1,31) =4.57, p<0.041; partial 112 =0.13),
due to increased post-incongruent (0.84 +0.12) relative to
post-congruent (0.81 £0.10) accuracy. Contrary to our
hypotheses, neither the main effect of Group nor the
Group x Condition interaction were significant (F’s<0.27,
p’s>0.61).

For RT, a Group x Condition interaction emerged
(F(1,31) =4.84, p<0.035; partial n*=0.14; Figure 2). Post
hoc tests showed that this effect was due to slower post-
incongruent (514.50 £75.99) relative to post-congruent
(506.38 £ 70.70 ms) RT for the §' group (p<0.08), a pattern
absent in L' participants (post-incongruent: 487.50 +
79.89ms vs post-congruent 494.82 + 94.01; p>0.21). How-
ever, no significant group differences emerged (p’s>0.28).
The main effects of Condition (F(1,31) =0.08, p>0.79) and
Group (F(1,31) =0.67, p>0.42) were not significant.

When considering post-conflict adjustment accuracy
scores (Kerns et al, 2004), the Group x Current Trial
(incongruent trials vs congruent trials) x Previous Trial
(post-incongruent trials vs post-congruent trials) ANOVA
revealed no effects involving Group (F’s<0.46, p’s>0.49),
in line with analyses on the traditional Gratton accuracy
effect. When considering adjustment RT scores, the only
significant effect involving Group was the Group x Previous
Trial interaction (F(1,31) =7.48, p<0.01; partial n*=0.19).
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Figure 2 Mean (and SE) reaction times in trials immediately after an
incongruent vs congruent trial for the L' (n=14) and ' (n=19)
participants. To disentangle error and congruency effects, only correct
trials were considered. Error bars represent SE.

Post hoc tests revealed that, for the S group, post-
incongruent RTs were significantly slower than post-
congruent RTs (481.631+60.60 vs 470.62*57.54ms;
p<0.001); for L' participants, no differences emerged
between the two conditions (post-incongruent: 458.86 +
70.27 ms, post-congruent: 457.69 = 72.02; p>0.58).

fMRI Data

Flanker effect (incongruent correct responses> congruent
correct responses). As hypothesized, compared with the
S’ group, L' participants exhibited significantly larger
activation during high- vs low-conflict trials in a left JACC
cluster falling into the cognitive subdivision of BA 24
(Ridderinkhof et al, 2004; Vogt et al, 1995; Figure 3a;
Table 2a). Follow-up tests revealed that L' participants
showed significantly higher dACC activation during incon-
gruent relative to congruent trials (incongruent:
0.533 £ 0.424; congruent: 0.274 + 0.367; p<0.016); interest-
ingly, §' participants showed a reverse pattern (incongruent:
0.327 £ 0.374, congruent: 0.471 £ 0.476; p<0.031). In spite
of these within-group differences, the L’ and S’ groups did
not differ in their activation for congruent (p>0.21) or
incongruent (p>0.15) trials.

Significant group differences also emerged in a cluster
within the right posterior cingulate cortex (BA 23).
Compared with the L' group, S participants showed
significantly higher activation during high- vs low-conflict
trials (Table 2). However, follow-up tests indicated that
genotype groups did not significantly differ in their
posterior cingulate activation for congruent (p>0.29) or
incongruent trials (p>0.32). Nevertheless, in the §' group,
posterior cingulate activation was significantly higher for

incongruent  (0.540£0.388) than for  congruent
(0.345 £ 0.405) trials (p <0.015); for L' participants, a trend
in the opposite direction emerged (incongruent:

0.362 £ 0.569; congruent: 0.515 % 0.503; p <0.077).

Error responses (incongruent error responses> incongru-
ent correct responses). As hypothesized, relative to
L’ participants, the S’ group showed significantly increased
activation after errors in a more rostral region of the
ACC (at the border between the affective and cognitive

Neuropsychopharmacology

subdivision of BA 24; Ridderinkhof et al, 2004; Vogt et al,
1995; Figure 4a; Table 2b). Follow-up tests indicated that,
relative to L' participants, §' participants displayed greater
rACC activation for incorrect (p<0.001), but not correct
(p>0.20), responses. Moreover, within-group tests showed
that §' participants activated the rACC after incorrect rather
than correct responses more strongly (0.525+0.517 vs
0.153 £ 0.207; p<0.012), whereas the L’ group exhibited the
reverse pattern (incorrect: —0.217+0.584; correct:
0.253 £ 0.225; p<0.013).

In addition to the rACC, a second ACC region survived
the statistical threshold. This region encompassed the
subgenual ACC (BA 32) and was characterized by sig-
nificantly higher activation in L’ relative to S’ participants
(Table 2b). Follow-up analyses confirmed that groups
differed for incorrect (p <0.007), but not correct (p>0.87)
responses. Moreover, within-group analyses indicated that,
in § participants, errors were associated with significantly
reduced subgenual activation relative to correct responses
(errors: —0.604 +0.680; correct response: —0.109 * 0.449;
p<0.004). In L' participants, a trend in the opposite
direction was observed (errors: 0.356 +1.038; correct
response: —0.085 £ 0.350; p = 0.087).

Whole-Brain Analyses

Flanker effect (incongruent correct responses>congruent
correct responses). No additional significant group differ-
ences emerged. Regions characterized by significant Con-
dition effects irrespective of genotype are summarized in
Table 3a. Among other regions, increased activation to
incongruent trials was seen in the left insula (x=—30,
y=22, z=-2) and a medial region encompassing the
dACC (x=4, y=26, z=35), two regions previously
associated with incongruency effects in Flanker tasks
(Wager et al, 2005). However, the dACC cluster (74 voxels)
missed the cluster extent (79 voxels) and should thus be
interpreted cautiously.

Error responses (incongruent error responses> incongru-
ent correct responses). As above, no additional group
differences outside the ACC emerged (p <0.005; cluster size
>79 voxels). Regions with significant differences between
error and correct responses are summarized in Table 3b.
Briefly, relative to correct responses, errors elicited higher
activation in several prefrontal and limbic regions, includ-
ing the left and right insula (x=—38, y =21, z=5; x =50,
y=-—39, z=20), putamen (x=-18, y=9, z=-1), and
inferior frontal gyrus (x =52, y=32, z=7).

DISCUSSION

The main goal of this study was to investigate putative
action monitoring dysfunctions in 5-HTTLPR S- or
Lg-allele carriers. Relative to a group of demographically
matched L (VNTR) or L, (SNP) homozygotes, S’ partici-
pants were characterized by (1) reduced post-error and
post-conflict behavioral adjustments, (2) decreased conflict-
related dACC activation, and (3) increased error-related
rACC activation. It is noteworthy that these findings
emerged in the absence of any discernable differences in
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Figure 3 Conflict-related activity for the L' (n=14) vs ' (n=19) participants. (a) Axial, saggital, and coronal slices showing the dACC cluster
(incongruent vs congruent) thresholded at p <0.005 (x = —2, y =25, z=20). (b) Mean (and SE) f-weights extracted from the dACC cluster exceeding the
statistical threshold (p <0.05, corrected). (c) dJACC cluster reported in a previous ERP study, in which MDD subjects exhibited decreased current density
relative to control participants 620 ms after the presentation of an incongruent trial in a Stroop task (peak voxel Talairach coordinates: x =—10, y =25,
z=133; Holmes and Pizzagalli, 2008a). The Euclidian distance between the fMRI and ERP voxel is 15.8 mm.

self-report of mood, and raise the possibility that dysregu-
lated ACC functioning—specifically rACC hyperactivity to
errors and dACC hypoactivity to response conflict—may
represent mechanisms through which the 5-HTTLPR
genotype confers an increased risk for MDD or emotional
disorders.

Echoing previous findings of increased ERN and rACC
activation in response to errors in 5-HTT short carriers
(Althaus et al, 2009; Fallgatter et al, 2004) and MDD
subjects (Holmes and Pizzagalli, 2008b), the S group
exhibited potentiated error-related rACC activation. In

addition, consistent with the role of the ACC in the
generation of adaptive behavioral responses (Kerns et al,
2004), decreased conflict-related dACC activity and less
adaptive post-conflict shifts in RT were observed in the §
group, relative to the L' group. These findings mirror
previous results in MDD of reduced cognitive control
(Paradiso et al, 1997; Siegle et al, 2004) and dACC activation
during response conflict (Holmes and Pizzagalli, 2008a). Of
note, the peak fMRI voxel showing group differences in
conflict monitoring was 15.8mm from the peak voxel
associated with decreased conflict-related dACC activation
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Table 2 Summary of Primary (Regions-of-Interest) Analyses Contrasting L' and $' Participants with ACC Regions

Peak voxel location Volume (mm?®) X Y z Z-score BA
(a) Response conflict (incongruent correct vs congruent correct)
L dACC 176 -2 25 20 370 24
R Posterior ACC 192 2 -33 25 —4.74 23
(b) Error commission (incongruent error vs incongruent correct)
L rACC 288 -2 35 14 —3.59 32
L Subgenual ACC 128 -6 18 —10 292 32

Abbreviations: ACC, anterior cingulate cortex; BA, Brodmann area; L, left; R right.

Coordinates are in Talairach space. All regions meet p <0.05, corrected (based on ACC volume: p <0.005, uncorrected, cluster > |4 voxels). Reported coordinates
and Z-scores are for peak voxels. Z-scores >0 indicate greater activation in the L’ than in the S group; Z-scores <0 indicate greater activation in the $' than in the L’

group.

in a MDD sample tested with a Stroop paradigm and ERP
source localization techniques (Figure 3c; Holmes and
Pizzagalli, 2008a).

In addition to dACC hypoactivation during high-conflict
trials, relative to L' participants, S’ participants showed
relatively higher activation in the posterior cingulate cortex
(BA 23) during incongruent trials. Interestingly, posterior
cingulate activation has been reported during tasks invol-
ving threat-related stimuli (Maddock and Buonocore, 1997),
arousing facial expressions (Critchley et al, 2000a), and
somatic arousal (Critchley et al, 2000b), raising the
possibility that posterior cingulate hyperactivation might
reflect increased autonomic/somatic arousal in §' partici-
pants during high-conflict trials. Alternatively, it is im-
portant to emphasize the fact that the posterior cingulate
constitutes a core component of the default network, a
distributed system of regions active at rest (for a review see,
Buckner et al, 2008). Accordingly, the present findings
might reflect impaired de-activation in § participants, in
line with recent observations that reduced task-elicited
deactivation of the posterior cingulate cortex is associated
with subsequent error responses (Eichele et al, 2008). As
these findings were not hypothesized a priori, their
interpretation should, however, be considered tentative.

The observation of reduced conflict monitoring, as well as
dysregulated dACC and subgenual ACC activation in
individuals with an increased genetic vulnerability to
MDD is particularly intriguing, as findings in the emotion
regulation literature suggest that emotion regulation and
reappraisal depend on an interplay between prefrontal and
ACC regions and regions implicated in emotional reactivity,
including the amygdala and insula (for a review, see Phillips
et al, 2008; Ochsner and Gross, 2005, 2008). Accordingly,
impairments in basic mechanisms implicated in cognitive
control may contribute to the development of more
complex emotion dysregulation observed in MDD, includ-
ing amplification of the significance of failure (eg, Wenzlaff
and Grozier, 1988) and difficulty in suppressing failure-
related thoughts (eg, Conway et al, 1991), just to name few
examples. This speculation is supported by evidence that
individuals with more adaptive cognitive control (as
assessed through ERN amplitudes and post-error behavioral
adjustments) are less affected by daily life stress, a finding
hypothesized to result from shared processes recruited in
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situations of increased cognitive conflict and regulation of
negative reactions to stressful life events (Compton et al,
2008; see also Ochsner et al, 2009 for a recent demonstration
that affective and cognitive conflict depends on a partially
overlapping neural network). Future studies will be required
to directly test the hypothesis that deficits in core cognitive
processes (eg, action monitoring) may contribute to the
generation of more complex impairments observed in
MDD, including self-referential processing (Lemogne et al,
2009) and emotion regulation (Phillips et al, 2008), as well
as increased risk for emotional disorders.

Although groups did not differ in their overall accuracy
or RTs, or in accuracy after correct responses, S carriers
were significantly less accurate after committing a mistake
and showed significantly higher rACC activation to errors
relative to L or L, homozygotes. These data are consistent
with evidence of larger ERN in S-allele carriers (Althaus
et al, 2009; Fallgatter et al, 2004), particularly as ACC
regions have been implicated in the generation of the ERN
(eg, van Veen and Carter, 2002). In addition, the present
findings closely mirror recent ERP evidence of impaired
post-error behavioral adjustments and potentiated error-
related rACC activation in MDD patients (Figure 4c; Holmes
and Pizzagalli, 2008b). Interestingly, the rACC peak voxel
emerging from the current fMRI study was 21.4 mm away
from the peak reported in our previous ERP study in MDD,
a difference that is within the spatial resolution of the
source localization technique used in our ERP study
(Holmes and Pizzagalli, 2008b). As heightened reactivity
to performance mistakes has been associated with increased
negative affect (Hajcak et al, 2004) and punishment
sensitivity (Boksem et al, 2006), the present findings
suggest that, in S and Ls SNP carriers, enhanced rACC
response to errors and a failure to adaptively adjust
behaviors after mistakes may constitute a basic cognitive
mechanism associated with increased vulnerability to
emotional disorders.

Consistent with previous findings in MDD (eg, George
et al, 1997; Holmes and Pizzagalli, 2008a,b), evidence of
error-related rACC hyperactivity and conflict-related dACC
hypoactivity in the §' group reveals the presence of a
multifaceted dysfunction of action monitoring system in
individuals at increased genetic risk for depression when
challenged by life stressors (Caspi et al, 2003; Kendler et al,
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Figure 4 Error-related activity for the L' (n=14) vs § (n=19) participants. (a) Axial, saggital, and coronal slices showing the rACC cluster (error vs
correct) thresholded at p<0.005 (x=—12, y=35 z=14). (b) Mean (and SE) f-weights extracted from the rACC cluster exceeding the statistical
threshold (p <0.05, corrected). (c) rACC cluster emerging from a previous ERP study, in which MDD subjects exhibited increased current density relative to
control participants 80 ms after committing an error in a Stroop task (peak voxel Talairach coordinates: x = 10, y =41, z="7; Holmes and Pizzagalli, 2008b).

The Euclidian distance between the MRl and ERP voxel is 21.4 mm

2001; but see Risch et al, 2009). Given the hypothesized role
of the ACC in (1) the recruitment of prefrontal control
mechanisms after errors and shifts in task difficulty
(Holmes and Pizzagalli, 2008b; Kerns et al, 2004), and
(2) the downregulation of limbic system activity after
the presentation of self-relevant negative stimuli (Siegle
et al, 2007), the presence of action monitoring deficits
and associated ACC dysregulation in S and Lg carriers
may contribute to deficits in behavioral and/or emotional
regulation in the context of adverse life events. Providing
support for this assumption, S-allele carriers are character-
ized by heightened amygdala activity after the presentation

of fearful/threatening facial expressions (Hariri et al, 2002,
2005) and reduced functional coupling between the
perigenual ACC and amygdala (Pezawas et al, 2005). These
findings have been hypothesized to reflect a failure of ACC-
driven downregulation of activity in S-allele carriers rather
than a primary abnormality in the amygdala (Hariri et al,
2006). Along similar lines, in patients with MDD, a
decreased functional relationship between the amygdala
and ACC activity has been observed during periods of rest
(Anand et al, 2005) and after the presentation of self-
relevant negative words (Siegle et al, 2007). In addition,
disrupted functional connectivity has been observed in
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Table 3 Summary of Secondary (Whole-Brain) Analyses in the
Entire Sample (Irrespective of Genotype)

Peak voxel location

Volume (mm?®) X

Y

Z Z-score

(a) Response conflict (incongruent correct vs congruent correct)

L. Middle frontal gyrus 2680 —-28 22 33 -—-474
L. Superior frontal gyrus 2088 —-10 61 27 —457
L. Lingual gyrus 672 —10 =59 0 —462
L. Insula 1408 -30 22 -2 6.28
L. Lingual gyrus 3128 -24 -71 -4 =575
R dACC? 592 4 26 35 3.84
R. Insula 736 52 =29 19 -—484
R. Lingual gyrus 2912 22 —67 I =504
R. Middle temporal gyrus 848 5 —II —10 —475
(b) Error commission (incongruent error vs incongruent correct)
L. Precentral gyrus 3200 -38 —I17 37 5.50
L. Caudate 1440 —16 —17 20 392
L. Superior temporal gyrus 1376 -52 —-49 14 5.74
L. Precentral gyrus 4144 =50 I 6 4.66
L. Insula 1736 —-38 21 5 549
L. Putamen 752 —18 9 -l 4.69
R. Middle frontal gyrus 4504 52 I 40 7.20
R. dACC 13328 8 13 39 7.81
R. Superior frontal gyrus 152 24 43 28 4.08
R. Caudate 832 12 0 I8 390
R. Insula 5048 50 -39 20 520
R. Posterior cingulate 10408 18 —59 9 5.18
R. Inferior frontal gyrus 1464 52 32 7 4.18
R. Thalamus 2448 6 —19 =3 4.46
R. Brain stem 664 4 =31 —16 572

Abbreviations: ACC, anterior cingulate cortex; L, left; R, right.

Coordinates are in Talairach space.

“Does not meet cluster extent threshold (74 voxels). All other regions meet
p<0.05, corrected (whole-brain: p <0.005, uncorrected, cluster >79 voxels).

MDD subjects between dorsolateral prefrontal cortex and
rACC, as well as dACC regions implicated in the recruit-
ment of cognitive control after errors and response conflict
(eg, Dannlowski et al, 2009; Holmes and Pizzagalli, 2008b;
for a review, see Savitz and Drevets, 2009).

It should be noted that there have been inconsistent
findings regarding the modulatory role of the 5-HTTLPR
genotype on ACC responses to other stimuli, such as
emotional faces. For example, Dannlowski et al (2008),
recently reported increased responses in S-allele carriers to
masked facial emotions in a region encompassing the
supragenual and perigenual ACC. In contrast, Shah et al
(2009) observed reduced ventral ACC activation to fearful
and happy face in S-allele carriers. In light of methodolo-
gical differences between these studies (eg, the use of
subliminal vs supraliminal presentation; consideration of
possible conjoint effects of 5-HTTLPR and rs25531), it is
unclear whether these data highlight region-specific ab-
normalities in S-allele carriers. Accordingly, in the context
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of these data and the present findings, it is unlikely that a
uniform relationship exists between ACC functioning and
the 5-HTTLPR genotype. Given the dissociable roles of
specific ACC regions (Ridderinkhof et al, 2004), future
research examining the role of genetic variants affecting 5-
HT (and other neuromodulators) on putative links between
disrupted functional connectivity within frontocingulate
pathways and action monitoring deficits is clearly war-
ranted.

Interestingly, robust group differences in behavioral and
fMRI data emerged in the absence of observable differences
in self-reported affect. The present data replicate previous
findings that failed to identify relationships between the
5-HTTLPR genotype and self-reported affect/personality
(eg, Ball et al, 1997; Deary et al, 1999; Flory et al, 1999;
Hariri et al, 2002; Katsuragi et al, 1999). Thus, the
5-HTTLPR genotype might affect physiological responses
subserving specific cognitive processes without yielding an
observable difference in self-reported measures (Hariri
et al, 2006). Overall, the present pattern of findings
highlights the utility of coupling molecular genetic and
neuroimaging techniques in the search for psychiatric
endophenotypes.

It should be noted that, in addition to enhanced risk for
MDD after stressful life events (eg, Caspi et al, 2003),
5-HTTLPR S-allele carriers are at increased risk for other
psychiatric illnesses, including PTSD (Broekman et al,
2007), ADHD (Beitchman et al, 2003), and alcoholism (Hu
et al, 2005), among others. Interestingly, behavioral and
neuroimaging evidence of action monitoring dysfunction
have been observed in these disorders (eg, Endrass et al,
2008; Falconer et al, 2008; Wiersema et al, 2009), providing
additional support for links between the 5-HTTLPR
genotype and ACC functioning. Given these findings,
further research will be necessary to establish whether the
relationship between 5-HTT polymorphisms and action
monitoring is specific to depression or rather represents a
general risk factor for psychiatric illnesses with an affective
component.

The limitations of this study should be acknowledged.
First, our sample size was limited, which might have led to
type I errors (Munafo et al, 2008), most prominently the
absence of group differences in the amygdala. Second,
individual differences in action monitoring, as with other
complex behavioral traits, are most likely generated through
the complex interactions of various environmental factors
and a multitude of genes (Brown and Hariri, 2006;
Prathikanti and Weinberger, 2005). Accordingly, although
the present findings provide important insight into
possible psychological and neurobiological factors linking
5-HTTLPR to increased vulnerability to psychopathology,
the focus on a single candidate gene is an important
limitation. Along similar lines, because of the relatively
small sample size, analyses investigating the interactions
among different genes were not possible. Given the
hypothesized role of the mesencephalic dopamine system
in the physiological correlates of action monitoring
(Holroyd and Coles, 2002), future studies should be
conducted on a scale allowing for the examination of
interactions between multiple genes. Third, the limited size
of the stimulus and response sets in the current version of
the flanker task prevented analyses disentangling the



potential overlap between response-conflict and repetition/
negative priming effects (eg, Mayr et al, 2003; Ullsperger
et al, 2005), which may mask the specific contribution of
conflict adaptation (Bugg, 2008). Although the present
findings are consistent with previous data (Holmes and
Pizzagalli, 2008a,b) stemming from paradigms in which
conflict adaptation has been observed irrespective of
priming (eg, Kerns et al, 2004), future studies using flanker
tasks with larger stimulus and response sets are required to
examine the unique contributions of stimulus repetition
and conflict effects.

Despite these limitations, the present data suggest that
action monitoring dysfunctions (and associated post-error
rACC hyperactivity and post-conflict dACC hypoactivity)
might constitute basic cognitive mechanisms through which
5-HTTLPR polymorphisms confer an increased vulnerabil-
ity to emotional disorders, particularly when facing
environmental stressors. Longitudinal studies in additional
samples at increased risk for MDD (eg, unaffected offspring
of depressed parents, remitted depressed samples) will be
required to evaluate the predictive validity of these
mechanisms vis-a-vis onset of psychopathology.
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