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Reactive and proactive controls of actions are cognitive abilities that allow one to deal
with a continuously changing environment by adjusting already programmed actions.
They also set forthcoming actions by evaluating the outcome of the previous ones.
Earlier studies highlighted sex-related differences in the strategies and in the pattern of
brain activation during cognitive tasks involving reactive and proactive control. To further
identify sex-dependent characteristics in the cognitive control of actions, in this study, we
have assessed whether/how differences in performance are modulated by the COMT
Val158Met single-nucleotide polymorphism (SNP), a genetic factor known to influence
the functionality of the dopaminergic system—in particular, at the level of the prefrontal
cortex. Two groups of male and female participants were sorted according to their
genotype (Val/Val, Val/Met, and Met/Met) and tested in a stop signal task, a consolidated
tool for measuring executive control in experimental and clinical settings. In each group
of participants, we estimated both a measure of the capacity to react to unexpected
events and the ability to monitor their performance. The between-group comparison of
these measures indicated a poorer ability of male individuals and Val/Val subjects in error-
monitoring. These observations suggest that sex differences in inhibitory control could
be influenced by the efficiency of COMT and that other sex-specific factors have to
be considered. Understanding the inter-group variability of behavioral and physiological
correlates of cognitive control could provide more accurate diagnostic tools for predicting
the incidence and/or the development of pathologies, like ADHD, or deviant behaviors,
such as drug or alcohol abuse.

Keywords: inhibition, proactive control, motor, sex differences, COMT

Introduction

Inhibitory control is an important component of executive functions. In both humans and
non-human primates, a network of cortical-subcortical brain areas, with key nodes in the frontal
lobe, basal-ganglia, and cerebellum, sustains this important neurocognitive function (Rieger et al.,
2003; Chambers et al., 2009; Schall and Godlove, 2012; Battaglia-Mayer et al., 2014; Brunamonti
et al., 2014; Stuphorn, 2015). However, studies in humans using imaging approaches have provided
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evidence of considerable variability among individuals in the
activation of this network (Garavan et al., 2006; Li et al., 2006,
2009; White et al., 2014). Such variability has been found
to be associated with both personality traits and the risk of
developing psychopathologies, pinpointing its clinical relevance
to the control of response inhibition (for a review, Robbins
et al., 2012). For example, studies in humans have highlighted a
disparate pattern of neural activation between males and females
during the execution of tasks exploiting inhibitory control of
actions, such as the countermanding task (Garavan et al., 2002;
Aron and Poldrack, 2006; Li et al., 2006, 2009; White et al.,
2014), suggesting the existence of sex-dependent differences in
neuroanatomical and neurobiological substrates of inhibitory
control. This possibility is supported by evidence that males are
more prone to experience disorders of impulse control, such
as attention deficit hyperactivity disorder (ADHD), substance
abuse, and conduct disorders, compared to females (Newman
et al., 2005; Eme, 2007; Kessler et al., 2007; White et al., 2014). In
spite of the relevance to a better understanding of these disorders,
the issue of sex-dependent variability in the control of inhibitory
responses has been poorly investigated so far (Thakkar et al.,
2014).

Dysregulation in the fronto-striatal dopaminergic system is
recognized as central in many of the disorders that display
defective inhibitory control (Rubia et al., 2011; Hart et al.,
2013). Genetic variations of the dopaminergic system have been
proposed to contribute to the manifestation of these disorders.
For example, the well-established cross-talk between cortical
and striatal dopaminergic transmission is specifically influenced
by a genetic variation in the dopamine-metabolizing enzyme
catechol-ortho-methyl-transferase (COMT) at the level of the
prefrontal cortex (Tunbridge et al., 2004; Meyer-Lindenberg
et al., 2006; Dickinson and Elvevåg, 2009). For instance, among
others, the COMT Val158Met single-nucleotide polymorphism
(SNP) is known to influence thermal stability and consequently
COMT activity (Chen et al., 2004). In the human prefrontal
cortex, Met158 homozygotes display lower (35–50% reduction)
COMT activity compared to Val158 homozygotes (Chen et al.,
2004) that corresponds to increased availability of dopamine
in the extracellular space. Coherent with this observation, a
slight advantage of subjects carrying the Met allele has been
reported in neuropsychological studies evaluating prefrontal
cortex-regulated cognitive functions using either the Wisconsin
Card Sorting Test (WCST) or the N-Back task (for a recent
review, see Dickinson and Elvevåg, 2009).

However, the COMT activity in the prefrontal cortex of
human males has been reported to be higher than in females,
independent of the Val158Met and other SNPs (Chen et al.,
2004). In addition, male COMT knockout mice (COMT−/−),
but not females, show increased levels of dopamine compared to
male COMT+/+ and COMT+/− mice (Gogos et al., 1998). This
evidence indicates that sex-dependent variability in the control
of inhibitory responses needs to take into account both genes
involved in dopamine activity and other sex-related factors that
could influence either dopamine availability or the inhibitory
process. In this respect, a sexually dimorphic influence of COMT
Val158Met alleles on psychiatric phenotypes has been described

(review in Harrison and Tunbridge, 2008). Indeed, the Met allele
has been associated with obsessive-compulsive disorders (OCDs)
in males but not in females (Karayiorgou et al., 1999).

Here, we have investigated the relationship between sex and
inhibitory control in a group of healthy subjects sorted for
COMT variation by determining their behavioral characteristics
in a countermanding task (Logan, 1994). The countermanding
task allows one to study response inhibition with high behavioral
control and to easily assess both reactive and proactive controls
(Rabbitt and Phillips, 1967; Verbruggen and Logan, 2009).
We hypothesized that sex-dependent differences were likely to
emerge for specific aspects of cognitive control—reactive vs.
proactive—and that they might be affected differently by the
COMT Val158/Met SNP. This possibility is consistent with
differences in the anatomical and physiological substrates of
reactive and proactive controls, as recently suggested (Aron,
2011; Schall and Godlove, 2012; Pani et al., 2014).

We show that no relationship exists between either the
sex of participants or the COMT genotype and the reactive
component of response inhibition. Conversely, an important
effect of both sex and genotype emerges when proactive
control is assessed, further strengthening the hypothesis
that different neurobiological substrates control reactive and
proactive components of response inhibition.

Materials and Methods

Participants and Task
One hundred thirty-two subjects were randomly selected from
a cohort of 150 subjects previously genotyped for COMT
Val158Met classification as participants of a different study
in our lab. Subjects were selected so as to form two groups
comparable for sex (male, n = 71 and female, n = 61) and
tested in a countermanding (stop) task. All participants had
normal or corrected-to-normal vision, were unrelated, and were
Caucasian. None had a history of significant drug or alcohol
abuse, head trauma, or significant medical illness in the past
6 months. All subjects signed informed consent, in accordance
with the protocol approved by the ethics committee of the
Department of Psychology of Sapienza University. Participation
in the study was on a voluntary basis without payment or
non-monetary reward. One hundred thirty participants (males,
n = 69 and females, n = 61) were included in the final analyses,
excluding two male subjects that failed in performing the task
as instructed. Demographic details of these subjects are reported
in Table 1. Most of them were right-handed, as determined by
the Edinburgh Handness Inventory (EHI; Oldfield, 1971); the
number of left-handed subjects was similar in the two groups (see
Table 1). Genotype frequencies, within male and female groups,
were consistent with Hardy-Weinberg equilibrium (males, χ2 =
0.027; p = 0.90; females χ2 = 0.14; p = 0.70). Males were
significantly older than females (t-test). Although the difference
was negligible (about 1 year), we decided to add age as a covariate
in all the following analyses (ANCOVA and repeated-measures
ANCOVA).

The behavioral setup and task used had the same structure of
those previously described (Brunamonti et al., 2011, 2012, 2014).
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TABLE 1 | Demographic details of experimental participants.

Males Females Statistic
(n = 69) (n = 61) (p)

Age 26.88, 2.74 25.64, 2.75 t = −2.55
(Mean, SD) (p = 0.01)
Genotype 18; 35; 16 14; 29; 18 χ2 = 0.69
(Val/Val; Val/Met; Met/Met) (p = 0.7)
Handedness 61; 3; 5 53; 5; 3 χ2 = 1.1
(Right; Left; Ambi) (p = 0.58)

Statistics indicate test of differences between sex groups.

Before starting the session, each participant received written
instructions and was made familiar with the apparatus and the
task. Participants were seated in a dimly lit room with their eyes
at a distance of about 45 cm from a PC monitor. Visual stimuli
presentation and data acquisition were under the control of the
freely available Psychtoolbox software (Matlab-based routines;
www.psychtoolbox.org). A joystick was fixed to the table, aligned
with subjects’ body midlines, and connected to a PC’s USB port.
All trials started with the appearance of a visual cue (starting
cue) in the middle of the screen (Figure 1A). The behavioral task

consisted of a two-choice reaction time (RT) task with different
trial types: in the more frequent trial type (Figure 1A; Go trial),
participants moved, as quickly as possible, the joystick in the
direction (either left or right) indicated by a visual stimulus (a
spatially oriented arrow; go signal) presented after a variable
holding time (800–1200 ms) and replacing the starting cue at the
center of the display; in the less frequent trial (25% of total trials),
an additional stimulus was presented (a red circle; stop signal)
after a variable delay (stop signal delay; SSD) from the go signal
and replacing it. Participants were told to abort the programmed
movement upon the appearance of the stop signal on the display.
If the subject correctly reacted to the stop signal, the trial
was scored as ‘‘canceled’’ (Figure 1A; Stop Correct Trial; SC),
whereas if the subject failed to abort the movement, the trial was
scored as ‘‘not canceled’’ (Figure 1A; Stop Error Trial; SE). In Go
trials, the time interval between the appearance of the go signal
and the onset of movement corresponded to the RT. Successfully
performed Go trials and Stop trials were marked by identical
acoustic feedback. A different acoustic stimulus was exploited
when the Go trial RT exceeded 500ms as a warning to accomplish
the primary task demand. Participants performed 3 blocks of
100 trials in a single session, with each block starting with a

FIGURE 1 | Behavioral task: the race model. (A) Trial types and
sequence of visual stimuli presentation for each class. Only one direction
of response (as indicated by the green arrow; Go signal) is presented.
The red circle represents either the starting target or the Stop signal
(when presented at the end of the stop signal delay (SSD)). (B) The race

model explains the outcome of stop trials. Successful stopping is more
probable for slower Go processes and less probable for faster Go
processes. The family of green lines represents possible Go processes
racing toward a fixed threshold, in different trials, with the Stop process
indicated by the red line.
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FIGURE 2 | Exemplificative sequence of trials-behavioral
measures of proactive control. In a countermanding task, trials
display variable RTs. The elongation of REACTION TIME (RT) is higher
in Go trials after a wrong stop trial (SE; PSeS) and smaller after a
correct stop trial (SC; PScS). In a sequence of Go trials (GO-GO-GO),

RT is expected to display a negative modulation (decreasing RT;
PGm). In the top portion of the figure, typical triplets of trials used for
the analysis are shown. For the computation of change in RT (∆t), the
value in trial n − 1 is subtracted from the value in trial n + 1. For
further details, see text.

50-ms SSD. Importantly, participants were told that because of
the task design, it would not always be possible to withhold
their response. During preliminary instructions, subjects were
also made aware that the primary task consisted of responding as
accurately as possible to the go signal, avoiding the interference
of the stop signal with their performance.

Behavioral Analyses
The race model (Logan, 1994) assumes that two processes race
toward a fixed threshold during each stop trial: a variable
go process initiated by the go signal appearance (Figure 1B,
green lines) and a stop process initiated by the stop signal
appearance (Figure 1B, red line). For a given stop process
and a given SSD, there is a go process speed (Figure 1B,
continuous red line) that corresponds to a 0.5 probability of
success (i.e., 50% of stop trials canceled). When all Stop trials
are considered, fast go processes correspond to an increased
probability of Stop Error trials (Figure 1B, white region in the RT
distribution), while slow go processes correspond to an increased
probability of Stop Correct trials (Figure 1B, red region in the RT
distribution).

After controlling for the validity of the assumptions of the
race model in the data (Logan, 1994; see Results), a detailed
performance analysis describes the probability of canceling the
movement in stop trials. We used a staircase procedure to select
the SSD in each Stop trial. The SSD was increased by 50 ms
after each successfully canceled Stop trial and decreased by 50 ms
after each non-canceled Stop trial. The procedure automatically
adapts the SSD duration to the subject performance to obtain a
probability of canceling a session that approximates 0.5 and is
similar between subjects (for a similar approach, see Brunamonti
et al., 2014).

We used the integrative method to estimate the length of time
needed to cancel the planned movement—i.e., the stop signal
RT (Figure 1B, SSRT)—because it is considered more robust
(Verbruggen et al., 2013). The SSRT estimate is obtained by
integrating the distribution of RTs in the Go trials until the
integral equals the corresponding observed proportion of Stop

Correct trials (probability of canceling) in the session. We also
used the theoretical value of a 0.5 probability of canceling to
obtain a different estimate (SSRT_0.5). However, using these
SSRT_0.5 values, similar results have been obtained for the effects
of both sex and genotype. Therefore, we decided not to include
these results in the present report.

We assessed, for each subject, the effect of the immediately
preceding trial (Go trial: GO; Stop Correct trial: SC; Stop Error
trial: SE) on the RT of Go trials (Figure 2). To exclude the
contamination by global fluctuations in RT over the course of
the test, we derived a difference between the trials immediately
following and immediately preceding the critical trial using
methods similar to those previously reported (Nelson et al., 2010;
Dutilh et al., 2012). As an example, for SEs, we considered all GO-
SE-GO triplets and subtracted trial n− 1 RT from trial n + 1 RT.
The same procedure was adopted for GO and SC trials (GO-GO-
GO and GO-SC-GO triplets, respectively). In this way, we were
confident that the behavioral modulation related to the recent
trial history and not to global fluctuations in RT was extracted.
Indeed, a longer RT after a SC can be related to a general slowing
down in a group of trials that allows one to correctly inhibit the
response if a stop trial occurs and not to the stop trials per se. For
each critical trial, we obtained a difference in RT (defined as ∆t
hereafter).

We defined Post-Stop_error-slowing (PSeS) as the
amount of ∆t for SE, Post-Stop_correct-slowing (PScS) as
the amount of ∆t for SC, and Post-Go modulation (PGm)
as the amount of ∆t for GO. Both PScS and PSeS represent
a form of proactive control—i.e., the ability to adapt the
response to the immediate context. They represent a measure of
behavioral flexibility: after a change (a stop signal presentation)
in the immediate history of the task, subjects may be more
or less able to adjust their behavior in order to increase
the probability of a correct performance, particularly if the
adjustment is subsequent to an error trial. The successful
strategy is to slow down the go process, moving the go process
toward the family of green lines at the right of the average
RT, corresponding to 0.5 probability of success (Figure 1B).
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Similarly, it is expected that a correct go trial will be followed
by a shorter RT (a negative ∆t) to optimize the speed-
accuracy trade-off and reduce the time to obtain the correct
trial.

Genotyping
Genomic DNA was collected from buccal swabs and extracted
using the Invitrogen PureLink Genomic DNA Mini kit
(Invitrogen Life Technologies, Carlsbad, CA, USA; Cat
# K1820-01) according to the manufacturer’s instructions. For
privacy requirements, DNA samples were coded anonymously.

The SNP Val158Met of the COMT gene was genotyped
using a TaqMan SNP Genotyping Assay (Applied Biosystems,
CA, USA; Assay ID C_25746809_50, Lot Number 1607104).
PCR amplification was carried out with 5–10 ng of genomic
DNA, 1XTaqManGenotypingmastermix (Applied Biosystems),
and allele probes labeled with 5′-VIC or 5′-FAM fluorophore.
Amplification reaction conditions on an EcoTM Illumina
thermal cycle were as follows: 1 cycle of 95◦C for 10min, followed
by 50 cycles of 92◦C for 15 s and 60◦C for 1 min.

To confirm the COMT genotype, the Val158Met
polymorphism was also assayed by the restriction
fragment length polymorphism method. The polymorphic
region was amplified by polymerase chain reaction
(PCR) using the following primers: COMT_For 5′

GGGGCCTACTGTGGCTACTC 3′ and COMT_Rev 5′

TTTTTCCAGGTCTGACAACG 3′. The Val and Met alleles
were discriminated by digesting the PCR product with NlaIII
restriction enzyme, followed by 2% agarose gel electrophoresis
and visualization by ethidium bromide staining. The undigested
PCR product (109 bp) carried the G variant (Val), while
the digested product, giving two fragments of 96 and 13 bp,
respectively, contained the A allele (Met).

Several replicates, reference DNA samples, and negative
controls without DNA were included to ensure the accuracy of
the SNP genotypes.

Results

As a first step, we controlled behavioral performance in the
different groups of subjects to assess the independence of the
go and stop processes (Logan, 1994). All subjects displayed a
shorter mean RT of Stop Error trials (SE) than the mean RT of
Go trials (GO). This result was statistically validated both at the
population level (SE (mean ± s.d.): 373.04 ± 22.7; GO (mean ±

s.d.): 418.9± 26.9; Kolmogorov-Smirnov test, p< 0.001) and for
111/130 subjects (85.4%; Kolmogorov-Smirnov test, p< 0.05).

No significant differences were observed in the proportion of
participants violating the independence assumption of the race
model when sorted by genotype and sex (Pearson χ2 test; p >
0.05). We also demonstrated at the population level an increased
duration of RT in stop error trials with SSD (one-way ANOVA
F(5,3991) = 71.65, p < 0.0001). A regression analysis showed a
significant trend (p< 0.05) emerging for 50/130 subjects (38.5%)
when considering SSD, with at least 6 trials presented. Finally,
we tested the validity of the model by looking for differences
in the observed values of RT in SEs from values predicted by
the model at each SSD. We observed a significant difference in
49/130 subjects (37.7%) (Kolmogorov-Smirnov test, p< 0.05). As
suggested by simulation studies (Band et al., 2003), a mismatch
between an observed RT and predicted RT in SEs can not
be considered a valid test for violation of the independence
assumption. Therefore, all subjects were included in the database
for the successive analyses.

For each variable in Table 2, we performed separate two-way
analyses of covariance (ANCOVAs), having genotype (Val-Val,
Val-Met, Met-Met) and sex (M, F) as between-subject factors and
age as a covariate, finding no significant effects. Thus, none of
the parameters examined that were related to the reactive control
were influenced by either the sex or the genotype.

[RT in Go trials: Factor Sex F(1,122) = 2.28, p = 0.13; Factor
Genotype F(2,122) = 0.08, p = 0.95; Sex ∗ Genotype F(2,122) =
1.35, p = 0.26. Probability of canceling in a stop trial: Factor
Sex F(1,122) = 0.6, p = 0.45; Factor Genotype F(2,122) = 1.1, p =
0.34; Sex ∗ Genotype F(2,122) = 0.95, p = 0.38. For the average
SSD: Factor Sex F(1,122) = 0.001, p = 0.97; Factor Genotype
F(2,122) = 0.2, p = 0.82; Sex ∗ Genotype F(2,122) = 0.27, p = 0.75.
For the SSRT, Factor Sex F(1,122) = 0.15, p = 0.7; Factor Genotype
F(2,122) = 0.09, p = 0.91; Sex ∗ Genotype F(2,122) = 1.04, p = 0.35.
For the RT-SE, Factor Sex F(1,121) = 2.8, p = 0.09; Factor Genotype
F(2,121) = 0.08, p = 0.92; Sex ∗ Genotype F(2,121) = 1.13, p = 0.32].

To examine the proactive control of movement, we
considered the between-trial change (∆t) in Go trials RT as
a dependent variable, two between-subject factors [Genotype
(Val-Val, Val-Met, Met-Met) and Sex (M, F)], one within-
subject factor (different types of ∆t: PGm, PScS, and PSeS;
Figure 2), and one covariate (Age).We found no significantmain
effects of Sex, Genotype, and Type of ∆t. We found significant
interactions: Sex ∗ Type of ∆t (F(2,242) = 4.8, p = 0.008) and
Genotype ∗ Type of ∆t (F(4,242) = 2.8, p = 0.03). Additional

TABLE 2 | Descriptive statistics of the behavioral performance for each experimental group.

Val/Val Val/Met Met/Met
Male Female Male Female Male Female

SSRT Mean (s.e.) 262 (8.9) 278.1 (10.1) 260.9 (6.4) 268.8 (7.0) 268.1 (9.5) 259 (8.9)
RT-Go Mean (s.e.) 411.2 (6.3) 429.1 (7.2) 417.7 (4.5) 422.1 (5.0) 419.7 (6.7) 416.5 (6.3)
P (canceled) Mean (s.e.) 0.55 (0.01) 0.55 (0.01) 0.53 (0.01) 0.55 (0.01) 0.53 (0.01) 0.53 (0.01)
SSD Mean (s.e.) 132.4 (8.8) 127.9 (1.0) 141.9 (6.3) 133.6 (6.9) 137.2 (9.3) 139.5 (8.8)
RT-SE Mean (s.e.) 365.7 (5.4) 379.5 (6.1) 372 (3.8) 376.4 (4.2) 373.1 (5.9) 371.8 (5.4)

RT-Go indicates reaction time in all Go trials. RT-SE indicates reaction time in stop error trials.
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FIGURE 3 | Evidence of genotype- and sex-dependent difference
in the proactive control. (A) An increasing ∆t is observed for Met/Met
and Val/Met subjects. Val/Val subjects do not display differences between
PScS and PSeS. (B) An increasing ∆t is observed for female subjects.
Male subjects do not display differences between PScS and PSeS; NS =
no significant difference [Bonferroni post hoc tests. Interaction Type of

∆t * Genotype: Val/Val: PScS vs. PSeS p = 1; PScS vs. PGm and PSeS
vs. PGm ps < 0.05; Val/Met: PScS vs. PSeS; PScS vs. PGm and PSeS
vs. PGm ps < 0.05; Met/Met: PScS vs. PSeS; PScS vs. PGm and PSeS
vs. PGm ps < 0.005. Interaction Type of ∆t * Sex: Males: PScS vs. PSeS
p = 1; PScS vs. PGm and PSeS vs. PGm ps < 0.00005; Female: PScS
vs. PSeS; PScS vs. PGm and PSeS vs. PGm ps < 0.00005].

analysis (Bonferroni post hoc tests) showed that (see Figure 3
for details) when groups were sorted for genotype (Figure 3A),
both Met/Met and Val/Met subjects displayed a negative ∆t for
PGm and a progressively increasing positive ∆t for PScS and
PSeS. Val/Val subjects, instead, were those with no significant
differences between PScS and PSeS. A similar feature emerged
when subjects were sorted for sex (Figure 3B): male subjects did
not slow down after an error trial compared to a stop correct trial,
whereas an increasing trend was observed for females.

Overall, these results show that the presence of a stop error
trial in the recent task history is less effective in Val/Val subjects
and in male subjects.

Discussion

Exploiting a classic version of the countermanding task, validated
in different studies by our group (Brunamonti et al., 2011,
2012, 2014), in this study, we demonstrate that: (i) sex-
dependent and COMT genotype-dependent differences are
detected for proactive control but not for reactive control in the
countermanding task; and (ii) the amount of post-error slowing
in the countermanding task shows sex-dependent and genotype-
dependent differences. More precisely, we report the existence
of an important difference in the cognitive control of motor
responses between males and females and in Val/Val subjects:
both males and Val/Val homozygotes showed a lower ability to
adapt the response speed after an error trial. In our data, no
interaction emerged between genotype and sex for any of the
measures.

We did not observe any effect of either sex or the COMT
Val158Met SNP on the duration of SSRT, confirming what
was previously reported by Congdon and Canli (2005) and
White et al. (2014). On the other hand, an advantage of Val

allele carriers for SSRT duration has been previously reported
in a modified version of the countermanding paradigm (the
flanker-stop-signal paradigm; Krämer et al., 2007). However,
compared to our study, the number of total subjects in Kramer’s
study was low (n = 40), and most importantly, participants
were not matched for sex (6/14 males in the Val/Val group;
14/26 males in the Met/Met group). In the recent study of
White et al. (2014), a difference in BOLD activation of key
frontal areas (inferior frontal cortex, supplementary motor area,
and pre-supplementary motor area) was observed after sorting
adolescent subjects tested in the countermanding task by sex and
COMT genotype. Even without significant behavioral differences
observed, male Val/Val subjects were those with the strongest
BOLD activation. In the study of White et al. (2014), proactive
control was not analyzed.

Overall, the difference observed for reactive and proactive
inhibition suggests either that the two processes are influenced
differently by the function of dopaminergic systems or that they
are under the control of different neural systems (Chen et al.,
2010; Schall and Godlove, 2012; Stuphorn and Emeric, 2012;
Marcos et al., 2013; Pani et al., 2014). In the latter case, it is
tempting to hypothesize that the influence of dopamine activity
in these neural systems might be different.

In our study, Val/Val homozygotes and male subjects display
less pronounced post-error slowing (PSeS), whereas Met-carriers
(Val/Met and Met/Met) and female subjects display larger
slowing. Slowing the response after an error is believed to be
a direct measure of cognitive control (Rabbitt, 1966) and is
observed in a wide range of tasks, including the Simon task (King
et al., 2010; Danielmeier et al., 2011), the flanker task (Debener
et al., 2005; Krämer et al., 2007), the Stroop task (Gehring and
Fencsik, 2001), and the stop task (Mirabella et al., 2006; Emeric
et al., 1997; Brunamonti et al., 2014). Since the extent of slowing
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also depends on the number of errors in the block (Steinborn
et al., 2012), to avoid possible interference of the overall
performance in the stop task, we used a staircase algorithm that
dynamically adapts SSD selections to the probability of error
(Band et al., 2003), ensuring a probability of about 0.5 for each
subject.

According to the dual mechanisms of control (DMC)
model (Braver et al., 2007; Braver, 2012), proactive control
is dependent on normal prefrontal cortex function and on
dopamine availability, reflecting active maintenance of task-
relevant information after the completion of each trial. Thus, in
proactive control, the advantage of Met allele carriers that we
observed was expected and confirmed a recent report (Jaspar
et al., 2014). Additionally, our data pinpoint to a ‘‘female
advantage’’ that deserves attention.

At first blush, our results seem to be inconsistent with the
evidence that the post-error slowing is not influenced by both
dopamine agonists, such as D-amphetamine (de Bruijn et al.,
2004), and dopamine antagonists, such as haloperidol (de Bruijn
et al., 2006). Re-interpreting these findings in light of our
data, it is tempting to hypothesize that dopaminergic activity
(and COMT efficiency) could be dependent on sex-associated
differences, perhaps able to influence the background level of
dopamine. In fact, the variable ‘‘sex’’ was not controlled in these
studies. Unfortunately, our data are not definitive in this respect,
and the lack of an interaction between sex and genotype will
require further studies including a larger number of subjects
sorted by both COMT genotype and sex.

The prefrontal cortex is the region of the brain that
is most influenced by the level of activity of COMT and
dopamine concentration (Matsumoto et al., 2003; Tunbridge
et al., 2004). For the relationship between dopamine level
and prefrontal function, an inverted U-shape model has been
proposed (Arnsten, 1997; Williams and Castner, 2006; Mier
et al., 2010). This model assumes that normal prefrontal
cortex functions rely on an optimal range of dopamine
acting on the D1 class of dopamine receptors. Conversely,
‘‘too little’’ or ‘‘too much’’ D1 stimulation has detrimental
effects on functions that are under the control of the
prefrontal cortex and is typical of subjects falling in the two
opposite sides of the U-curve (considered to be under the
influence of the D2 class of receptors), respectively. The worse
prefrontal cortex functioning of these subjects is associated
with better functioning at the sub-cortical level. Anatomical
and neurochemical sex-dependent differences influence the
background level of dopamine, likely changing the effect
of COMT on the U-shape curve (Jacobs and D’Esposito,
2011). In this regard, a recent study describes how COMT
and sex strongly interact to determine the thickness of the
prefrontal cortex in both humans and rodents (Sannino et al.,
2014).

Sex dimorphic activity of COMT was originally explained by
the finding that 17-β-estradiol administration decreased COMT
activity (Cohn and Axelrod, 1971; Jiang et al., 2003). Thus,
estrogens have the same effect on COMT as the Met allele. On
the other hand, COMT catabolizes catechol group-containing
estrogens (Creveling, 2003), pinpointing a reciprocal genotype-
influenced interaction between COMT activity and estrogens.
However, several studies showed that a sex-dependent difference
in COMT transcript and protein levels is absent in the brain,
leading to the conclusion that this interaction may not apply
to the brain, as it does in peripheral tissue (Chen et al., 2004;
Tunbridge et al., 2004; Dempster et al., 2006). Several hypotheses
are currently under investigation to explain the sex dimorphic
activity of COMT in the brain. As an example, the level of S-
adenosylmethionine (SAM), the donor of the methyl group that
is required for COMT enzymatic activity (Zhu, 2002), may differ
between males and females, as indicated by the finding that SAM
supplementation has a beneficial effect on depressive symptoms
in females but not in males (Strous et al., 2009). Moreover,
several sex-specific differences in biochemical pathways of the
dopaminergic system have been reported (Kaasinen et al., 2001;
Mozley et al., 2001; Laakso et al., 2002; Munro et al., 2006). For
example, females have a significantly greater proportion (about
50%) of dopaminergic cells in the mesocortical dopaminergic
pathway projecting to the prefrontal cortex (Kritzer and Creutz,
2008). These data suggest a higher tonic level of dopamine in
female subjects.

The combined effect of sex and the COMT Val158/Met SNP
in influencing human behavior is in agreement with recent
observations on prepulse inhibition (PPI) of the startle reflex.
This represents an additional measure of inhibitory control used
in both healthy subjects and patients (Calkins et al., 2007) that
is known to be regulated by dopaminergic transmission (Geyer
et al., 2002). In a study in which only males were recruited, a clear
dependenceof PPI ondopamine transmission inprefrontal cortex
has emerged: Val/Val (male) subjects displayed a significantly
reduced PPI (Roussos et al., 2008), paralleling our main result.
A second study of the same group (Giakoumaki et al., 2008)
reported that tolcapone (a COMT suppressor) caused an increase
of PPI in Val/Val male subjects and found a tendency of the
opposite effect in Met/Met subjects. Conversely, no effect of
COMT polymorphism on PPI duration has been reported by
Montag et al. (2008) in a group formed by only female subjects.

In summary, our data suggest that sex-dependent differences
in proactive control of response inhibition could emerge for
the Val/Val COMT Val158/Met SNP. Our results emphasize
the importance of matching experimental groups for sex when
studying the interaction between sex and genetic variations. Also,
our findings could be relevant for understanding the potential
protective effect of estrogens on pathologies where the dopamine
level is crucial, such as schizophrenia.
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