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Abstract: Catechol-O-methyltransferase (COMT) is a promising target for modulation of cognitive functions and
dysfunctions. COMT dominates the regulation of dopamine metabolism in the prefrontal cortex. Thus, COMT effects are
particularly evident in prefrontal cortex-dependent cognitive functions including executive control, working memory,
attentional control and long-term memory. This has been determined by both genetic and pharmacological studies that we
will highlight in the present review. In particular, we will discuss how common functional variants of the COMT gene
may predict individual variation in selective cognitive abilities and vulnerability to cognitive deficits that characterize
several neuropsychiatric disorders. Moreover, COMT genetic variants represent one source of individual differences in
the cognitive responses to medications such as those used in psychiatric illnesses. COMT genetic testing may then predict
some cognitive dysfunctions often seen in certain psychiatric illnesses even from presymptomatic stages and the
efficacy/dosage of drugs used to treat them. The consideration of COMT-dependent differences may be important for the

development of more efficient personalized healthcare.
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INTRODUCTION

Cognitive functions and intelligence are strongly
dependent on genes [1-5]. An evolving and exciting field of
research is focusing on how genetic variations and their
correlated neural mechanisms might modulate cognitive
functions. Understanding the connection between genetic
variation and cognitive function is crucial for the
development of more effective treatments for several
neuropsychiatric  disorders characterized by cognitive
dysfunction. One of the most promising candidate genes
affecting cognition is catechol-O-methyltransferase (COMT)
[6]. The COMT gene is mapped at the q11.2 band of human
chromosome 22 and encodes distinct soluble-COMT and
membrane-bound (MB-COMT) isoforms [7]. MB-COMT is
the dominant form in brain, primarily expressed in cortical
neurons, and has a 10-fold higher affinity for dopamine than
does soluble-COMT [8-10]. In principle, MB-COMT could
constitute a more critical target for modulating cognitive
functions.

COMT is one of the major enzymes involved in the
catabolism of dopamine in the brain, especially in the
prefrontal cortex (PFC) [11-14]. Dopamine in the PFC plays
a central role in modulating higher-order cognitive functions,
impacting many domains of human behavior such as thought
and emotion [15]. In particular, in humans as well as in
monkeys and rodents, cortical dopamine levels finely control
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cognitive functions following an inverted U-shaped dose-
response curve, with too much and too little dopamine
having detrimental effects [16-20]. Thus, COMT, working as
a regulator of this important balance, constitutes a key factor
and therefore an excellent target to modulate higher order
cognitive functions.

In agreement, we will focus our attention on cognitive
functions primarily dependent on the PFC and on how
COMT could be used as a key target to modulate them in
healthy humans and in psychiatric patients based on
functional variations in its gene. Endogenous COMT
enzymatic activity is genetically determined by proven
functional common single nucleotide polymorphisms and/or
haplotypes [21-24]. Human studies have primarily focused
on a 158/108Val/Met (rs4680) functional single nucleotide
polymorphism [25, 26] hereafter referred to as Val/Met. This
single mutation results in a substantial change in stability
and enzymatic activity of COMT: the Val form leads to
higher COMT protein levels and ~40% greater enzymatic
activity compared to the Met allelic variant [8]. Because the
two alleles are codominant, heterozygotes show intermediate
COMT activity, leading to a trimodal distribution of COMT
activity across the human population [27]. However, most
studies have so far overlooked the effects of other COMT
functional haplotypes which might better account for
variability in COMT enzymatic activity and protein levels
compared to the single Val/Met polymorphism. This might
explain some current inconsistencies in COMT genetic
effects in cognitive functions. We will discuss how genetic
variants of COMT may predict individual variations in
selective cognitive abilities. We will address how these
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genetic variants may alter the vulnerability to cognitive
abnormalities present in some neuropsychiatric disorders.
Moreover, we will highlight how COMT genetic variants
may represent the basis for individual variation in drug
responses on brain functions. Finally, a separate section will
focus on how COMT could be used already from early
developmental stages for diagnosis and therapeutic purposes.
We will explore these ideas by looking at a) evidence from
healthy human conditions, b) from pathological states, c)
existing support from experimental animals, then d) possible
interactions of COMT with pharmacological interventions.

COMT MODULATION OF
COGNITIVE FUNCTIONS

PFC-DEPENDENT

Executive Control

The control of processing of goal-directed responses is
governed by the PFC and is usually referred to as executive
control [28]. Executive control allows for more efficient
actions within: decision-making, working memory, and
behavioral adaptation to novel situations and environments
[29]. The most commonly used task for evaluation of
executive control in humans is the Wisconsin Card Sorting
Test (WCST) [30, 31], or its more recent computerized
analogue: the intra- and extra-dimensional attentional set
shifting (ID/ED) of the Cambridge Neuropsychological Test
Automated Battery [32, 33]. These human tasks have been
successfully adapted to rodents in the attentional set-shifting
test [34-37]. These tests measure the ability to form a
cognitive set and to apply a strategy that involves
maintenance and shifting of this cognitive set. These are
established measures of PFC-mediated functions in humans,
monkeys and rodents, as confirmed by behavioral [34, 38-
40], pharmacological [41, 42], neuroimaging [43, 44],
neurochemical [28] and lesions studies [34, 36, 45, 46]. In
particular, a double dissociation or functional specialization
effect has been shown between the lateral (in monkeys and
humans), medial (in rodents) and orbital regions of the PFC
in the attentional set-shifting test [28, 36, 45, 47]. While the
orbitofrontal cortex is selectively involved in the reversal
phases of these tasks, the lateral/medial PFC region governs
the extra-dimensional shift stages [28, 36, 43, 44, 48].

COMT genetic variations have been associated with
differential WCST performance both in healthy individuals
[49, 50] and patients with psychiatric disorders [51-53].
COMT Val-carrier subjects have shown impaired
performance and higher number of perseverative errors
during the extra-dimensional shift phase compared to
individuals with two copies of the Met-allele, without
affecting general intelligence [50, 51, 54]. Similarly, patients
with schizophrenia carrying two Val alleles show a higher
frequency of perseverative errors during the WCST and a
higher number of errors in the ID/ED task compared to Met-
carriers [52, 55]. Nevertheless, in contrast with these
findings other studies have reported no association between
COMT Val/Met and performance on the WCST [56, 57].
These discrepant results might be explained by differences
between the samples. In particular, we point out that
attention should be paid to sex-dependent differences as the
studies showing negative results had higher percentages of
female subjects. This might be supported by the numerous
evidences of COMT-dependent sex differences [58] and by
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our own data in genetically modified mice showing negative
effects in executive functions following relative reduced
COMT activity in females but not males (Papaleo ef al.,
unpublished data). Furthermore, experimental animal
findings demonstrate that male subjects with increased
COMT activity are impaired in their ability to shift an
attentional set. Indeed, transgenic mice overexpressing the
human COMT-Val polymorphism (COMT Val-tg),
simulating human genetic conditions leading to increased
COMT activity, have shown a selective impairment in their
extra-dimensional shifting ability [37]. These effects might
be due to the lower availability of synaptic dopamine in the
PFC of subjects with increased COMT enzyme activity.
Similar deficits are produced by dopamine depletion in
monkeys during the ID/ED task [59].

In contrast, the same Val/Met COMT polymorphism
seems to have opposite executive control effects in patients
in the early stages of Parkinson’s disease. In fact, compared
to Val-, Met-carriers patients at early stage of Parkinson’s
disease were not able to form an ‘attentional set’ and showed
prolonged response times during all the stages of the ID/ED
task [60]. Further, subjects at early stage of Parkinson’s
disease and COMT Met homozygotes were significantly
slower to respond than Val/Val subjects in the Tower of
London planning task, another test for the assessment of
executive control [61-63]. These findings can be explained
by the fact that in the early stages of Parkinson’s disease the
patients present a hyperdopaminergic state in the PFC and
decreased striatal dopamine [64, 65]. Thus, in early stages,
the low activity COMT-Met allele would increase PFC
dopamine levels, leading to excessively high levels of
dopamine that become detrimental to executive functions
(Fig. 1). Conversely, in later disease stages, when PFC
dopamine levels fall, the COMT Met effect in executive
functions disappears and may even reverse [63]. This
demonstrates that the same genetic variants of COMT may
have different outcomes on executive processing, depending
on the background dopamine level in the PFC. Thus, it is
imperative to consider the “dopaminergic state” in the PFC
to have a better prediction of COMT effects in executive
functions. Moreover, analysis of all possible COMT
haplotypes and not only the Val/Met polymorphism may
provide more compelling conclusions on the effects of
COMT in executive control. So far this has been scarcely
investigated and will require more attention in future studies.

It is interesting to note that COMT genetic variations do
not irreversibly alter executive functions but might be
involved in the dynamic regulation of these cognitive
functions. In fact, pharmacological manipulations that alter
dopaminergic transmission can interact acutely with COMT
genetic variations in modulating executive performance.
Acute pharmacological inhibition of COMT in adult rats
produced by tolcapone, a selective, brain-penetrant COMT
inhibitor, can improve executive control. This is
demonstrated by a decrease in the number of trials needed to
finish the extra-dimensional shift stage of the attentional set
shifting task [66]. This has not been replicated in a human
study, as tolcapone failed to enhance the extra-dimensional
shift performance [67]. However, this might be due to a
strong order effect from the crossover design which might
alter the performance. Amphetamine increases synaptic
dopamine levels, improves cognitive performance during the
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Fig. (1). Dopamine level in the PFC during development of PFC-dependent cognitive abilities (red area). Note that COMT enzymatic
activity peaks during adulthood (yellow translucid area). The grey area represents optimal levels of dopamine for performance in PFC-
mediated tasks. It appears that, in general, low COMT enzyme activity (e.g. COMT Met/Met) is associated with that optimal level, whereas
high COMT enzyme activity (e.g. COMT Val/Val) is associated with less than optimal levels of dopamine in the PFC, therefore showing
poorer executive functions. Other factors that increase dopamine in PFC would be more beneficial for subjects having higher rather than
lower COMT enzyme activity. It follows that, for example, COMT Met/Met homozygotes have less protection against the detrimental effects
of excessive PFC dopamine levels than COMT Va/Val homozygotes. Factors that can increase dopamine in the PFC are stress, estrogens or
drugs like tolcapone, amphetamine and MPH. Other environmental factors such as parenting and cognitive intervention might enhance PFC-
dependent cognitive abilities. Thus, since COMT Val/Val homozygotes generally have worse executive control than Met/Met homozygotes,
it follows that interventions or environmental factors that are likely to improve executive control would be likely to benefit Val/Val
homozygotes more than Met/Met subjects, since it is a general principle that those with poorer executive control tend to gain most from
interventions or environmental benefits (the Met/Met being closer to ceiling) [142]. Red arrows show pathological conditions that push a
subject towards too much (e.g. early stage Parkinson’s disease or 22qDS) or too little (e.g. ADHD or PKU) dopamine in the PFC. In these
conditions, carriers of lower or higher COMT enzyme activity might have heavier PFC-dependent cognitive disadvantages, respectively.

WCST in homozygous Val-carriers but impairs it in Met similarities to human conditions, COMT genetically-
carriers as demonstrated by decreased and increased totals of modified mice may constitute an effective tool in the
perseverative errors, respectively [53]. These compelling screening and prediction of the effects of pharmacological
results from both human and animal studies emphasize the compounds in executive functions.

importance of accounting for COMT functional genetic
variants when using pharmacological treatments impacting
the dopaminergic system. This will improve their
effectiveness and avoid deleterious side effects such as
dysfunction in executive control. Due to their proven

COMT genetic variants can also interact with potentially
executive function enhancing environmental interventions.
Cognitive exercise for potentiating specific executive
functions can be useful to improve executive disadvantages
that are often critical in a social community [68]. In patients
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with schizophrenia, function-specific cognitive exercise
protracted for 3 months efficiently decreased the number of
perseverative errors in the WCST compared to the baseline
but only in patients with the COMT Met allele [69]. This
new strategy for cognitive remediation further points to
COMT as a putative genetic clinical biomarker able to
predict the effectiveness in cognitive improvement after
therapy.

In conclusion, COMT is a compelling modulating factor
for executive functions and COMT genetic variants represent
a heritable mechanism for variable clinical responses to
drugs and environmental factors. Thus, COMT might be
used as a potential biomarker and target for cognitive
enhancers and therapies aiming to ameliorate executive
dysfunctions as those present in many psychiatric illnesses.

Working Memory

Working memory is a system meant to keep information
in mind while performing complex tasks and is coordinated
by related executive processing (e.g. attention, inhibition and
planning behavior) [70]. The executive control occurring
during working memory performances is different from the
one discussed in the previous paragraph. This does not
involve abstract reasoning and problem solving, but rather
facilitates the temporary storage of small amounts of
information over brief periods and for subsequent retrieval
during complex tasks such as reasoning and learning.
Dopamine in the PFC has a critical role in working memory
performances [71, 72]. Thus, genetic modifications of
COMT may play an important role in working memory as
well. Indeed, a number of studies reported the effect of
COMT polymorphisms on working memory using the N-
back test, one of the most commonly used tasks activating
the cortical working memory network [73-75]. Healthy
COMT Val/Val individuals showed poorer working memory
performance compared to COMT Met-carriers as
demonstrated by lower accuracy and slower reaction time in
the N-back test [52, 76, 77]. In agreement, prefrontal
physiological response, assayed with functional magnetic
resonance imaging (fMRI) during the task, showed that, at
the same level of cognitive performance, the COMT Val
allele is associated with the greatest activation of the
dorsolateral-PFC, indicating a less efficient activation [52].
Closely mimicking these findings, a relative increase in
COMT enzymatic activity in COMT Val-tg mice produced
working memory impairments in a PFC-dependent T-maze
task that recapitulated important elements of working
memory functions in humans [37]. Conversely, COMT
knockout mutant mice demonstrated better performance on
the same working memory task [37]. Nevertheless, results
from other human studies have not been uniformly positive
regarding the robustness of the Val/Met polymorphism effect
on N-Back performance. For example, Stefanis et al. [78]
did not find a relationship between COMT Val/Met and
working memory functions tested with the N-Back task in
healthy young men. However, in this study it is not clear
which N-back memory load was used and if the
consideration of only the COMT Val/Met genotype might
have masked the real effect of the resulting COMT enzyme
activity. In agreement, fMRI during the N-Back task in
normal subjects revealed that the haplotype derived from the
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combination of the COMT Val/Met variant and a cis
functional variant in the P2 promoter region of COMT which
drives MB-COMT form transcription (rs2097603) had
stronger effects on prefrontal activation than the single
Val/Met single nucleotide polymorphism (SNP) [23]. Thus,
it is suggested for future studies to control not only for the
Met/Val genotype but also for other potential functional
polymorphisms. In conclusion, even if some inconsistencies
still exist, human and experimental animal findings seem to
be convergent indicating that in healthy conditions subjects
with genetic variants resulting in relative decreased COMT
activity have working memory advantages.

It is important to consider that this conclusion might be
only valid in “baseline” conditions. In fact, COMT activity is
associated with stress responsivity [37] and this might
interact with working memory functions. Furthermore,
conditions of stress might differently modulate DNA
methylation silencing of the COMT gene in Val/Val subjects
compared to Met-carriers and this can eventually alter the
working memory performance [79].

Pharmacologic COMT inhibition with tolcapone
decreases reaction time during the N-back test in normal
human subjects [67]. Interestingly, on the N-Back test
tolcapone was able to improve the accuracy [80] and the
reaction time of responses [81] in COMT Val/Val
individuals but impaired the performance in Met-carriers
[80]. Similarly, amphetamine treatment significantly
improved the reaction time on the N-back test and enhanced
the efficiency of PFC identified by fMRI only in COMT
Val/Val healthy individuals, while impairing the same
parameters in Met carriers [53]. Instead, in patients with
schizophrenia, treatment with the atypical antipsychotic
olanzapine for 8 weeks increased the correct responses on
the N-back task and cortical efficiency activation more in
Met homozygous compared to Val-carriers [82]. This
indicates that specific COMT genetic/pharmacologic
interactions should be taken into account to employ more
efficient and ad personam strategies aiming to improve
working memory. This is crucial for schizophrenia [75, 83],
bipolar disorders [84], major depressive disorders [85] and
attention deficit hyperactivity disorder (ADHD) [86] in
which working memory dysfunctions are one of the main
symptoms.

Control of Attention

The main features of attentional control such as selection,
choice impulsivity, perseveration and speed of processing
are all dependent on PFC functions [87], and are intimately
related to fundamental aspects of executive control [71].
Healthy subjects with COMT Val/Val and Val/Met genotypes
have shown higher inattention compared to Met/Met
individuals on Deviation from Mode test, a variant of
Reaction-Time tasks for assessing speed of processing
abilities [88]. However, two different studies have found no
effect of the COMT Val/Met genotype on measures of
attention using the continuous performance test (CPT) [89,
90]. Discrete elements of attentional control functions such
as attention, impulse control, perseverative and reactivity-related
functions can be effectively studied in experimental rodents
using the five choice serial reaction time task which is
modeled after its human analogue CPT [91]. Using this task, we
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are now accumulating evidence in mice that genetic-driven
reductions in COMT activity might have marginal effects on general
attentional processes but might have greater selective effects in
impulsive and compulsive control (Papaleo ef al., unpublished
observations).

Pharmacological studies have shown that attentional
performance on the Deviation from Mode test can be
improved with amphetamine administration only in
individuals with one or two COMT Val alleles, but not in
Met homozygous [88]. This is consistent with previous
findings that amphetamine administration failed to improve
executive function and working memory in Met/Met subjects
[53]. Again, this is presumably due to the inability of COMT
Met/Met subjects to compensate robust increases of
dopamine in the PFC.

Similar findings have been reported also in pathological
states. Individuals with chronic schizophrenia that carry the
COMT Met/Met genotype show better attention and speed of
processing performances on Trails-A, Trails-B and Digit-
Symbol tasks from the Wechsler Adult Intelligence Scale -
Revised [92]. Moreover, schizophrenia patients with at least
one copy of the Met variant show faster reaction time
responses during the Stroop task, another
neuropsychological assessment of attentional skills [93]. In
contrast, children with 22q11.2 Deletion Syndrome (22qDS)
and hemizygous for the COMT Met allele show greater
attentional deficits compared to subjects with the Val allele
as measured with the Attention Network Task (ANT) [94].
This might be due to the extreme situation in 22qDS, in
which COMT is always hemideleted, and then the COMT
Met condition might have opposite cognitive effects due to
the consequent exaggerated dopamine overload. A similar
explanation might be given in children with ADHD, in which
methylphenidate treatment had beneficial effects only in
COMT Val carriers but not Met/Met subjects in measures of
inattention and impulsivity [95]. As ADHD is a
neurodevelopmental disorder and COMT-ADHD associations have
been studied prevalently in children, we will discuss this in more
detail in the “early intervention” paragraphs below.

In conclusion, COMT should be considered a target for
medical intervention in conditions characterized by altered
attentional and impulsive behaviors. Moreover, patients with the
COMT Val/Val genotype might have a larger margin of
therapeutic improvement compared to Met-allele carriers.

Long-Term Memory

Recent theories of memory consolidation point to a
functional role of hippocampal interaction with the PFC in
the storage of permanent memories [96-98]. Even if much
less investigated, we hypothesize that COMT might then
affect also long-term memory consolidation because of its
modulation of cortical networks.

Classical fear conditioning tests are very suitable to test
this hypothesis, as fear-associated memories are long-lasting
[98]. Moreover, these tasks imply strong stress- and
emotional-related components that can trigger increased
dopamine levels in the PFC [99, 100] and are modulated by
COMT genetic variants [37]. Healthy subjects with the
COMT Met/Met genotype show a greater fear-potentiated
startle reaction during recall of fear learning compared to
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Val/Val individuals [101]. This might suggests a stronger
fear associated memory and inability to extinguish the
conditioned fear in COMT Met homozygous subjects.
Similarly, other studies have reported that healthy
individuals with the COMT Met allele have higher scores on
long-term memory test [102] and recall of episodic memory
[103]. Conversely, COMT Val-carriers show poorer
performance during retrieval of a recognition memory task
concomitant with increased activation of ventro-lateral PFC
and decreased hippocampal formation activation [104]. More
fMRI studies further demonstrated differences in activation
during long-term memory encoding and retrieval with the
Val/Val subjects showing greater, therefore less efficient,
activation of the PFC [105].

Particularly interesting is the extinction process of long-
term memories that is thought to be dependent on PFC [106].
This might be an important memory component in
pathologies such as post-traumatic stress disorders (PTSD).
Moreover, PTSD is an anxiety disorder reflecting deficits in
emotional regulation, a key feature also regulated by COMT
[37]. Indeed, COMT Met homozygous subjects have been
shown to present higher risk of developing PTSD [107].

In conclusion, these findings suggest that COMT genetic
differences might modulate long-term memory formation
and recall even if the mediating mechanisms and the exact
COMT role are still poorly explored. In particular, additional
investigations considering the diversity of the tasks
employed and the presence of other confounding factors
such as age, ethnicity, and psychiatric diagnosis are required
to better disentangle the involvement of COMT in long-term
memory formation. Experimental animal models are a
suitable tool for these kinds of memory studies and might be
useful to improve the treatment of psychiatric disorders such
as PTSD or other anxiety-related disorders.

COMT AS A TARGET AND BIOMARKER FOR
EARLY INTERVENTION

COMT in the Neurodevelopment of PFC-Dependent
Cognitive Functions

The PFC dopamine system is refined until young
adulthood in humans [108, 109], as well as in primates [110,
111] and in rodents [112]. This process is directly correlated
to a gradual improving performance from infancy to
adulthood in behavioral tasks mediated by the PFC [113-
115]. Abnormal development of these circuits might thus
provoke a serious impact on adult social and working daily
life. Clinically, this might be evident in the PFC-dependent
cognitive impairments that characterize a number of
neurodevelopmental diseases such as schizophrenia [116],
22qDS [117], ADHD [118, 119], obsessive-compulsive
disorder [120-122] and phenylketonuria (PKU) [123, 124].
Importantly, the first cognitive symptoms in these disorders
often arise in childhood [120, 123, 125-127], constituting a
crucial phenotype for early diagnosis and intervention.

COMT may critically modulate cognitive development
because of its: a) unique role in the catabolism of dopamine
in the PFC [12]; b) expression from early embryonic stages
[128]; c¢) increase in expression and enzymatic activity
during postnatal maturation which follow the refinement of
the dopamine system and the maturation of PFC-dependent
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cognitive functions [113, 114] (for more details see Fig. 1).
The increased COMT activity in the PFC from neonates to
adulthood has been hypothesized to reflect an increasing
need for dopamine catabolism, accompanying the expansion
in dopaminergic innervations that occurs during adolescence
[129]. Furthermore, the COMT Val/Met polymorphism
impacts prefrontal connectivity in young adults [130] and
frontal cortical thickness already in children and adolescents
[131], indicating that COMT modulates brain morphology
and connectivity from infancy. However, despite the
contribution of COMT variation to individual differences in
cognitive performance and vulnerability to PFC-related
dysfunctions, its exact role in neurodevelopment during
childhood is still poorly understood.

COMT and Early Intervention

We hypothesize that COMT might constitute a useful
target in the modulation of cognitive functions/dysfunctions
during ontogeny. Diamond et al. [132] found that healthy
children from 6 to 14 years with COMT Met/Met genotype
perform better on the Dots-Mixed tasks than Val carriers.
This task requires working memory and behavioral
inhibition; both are sensitive to dopamine levels in the PFC
[133]. Moreover, no COMT-dependent differences were
observed (in these same children) on PFC-independent tasks
requiring recall memory [132]. Barnett’s workgroup tested
the hypothesis that a combination of five COMT SNPs (rs
4680: Val**Met SNP, SNP rs 6269 in the P1 promoter, SNP
rs 2075507 in the P2 promoter, rs 165599: a SNP in the
3’UTR, rs 4633 in exon 3 and rs 4818 in exon 4) predicts
working memory performance in 10-year-old children.
Interestingly, they found that the 3-SNPs haplotype leading
to the greater increase in COMT enzymatic activity exerts
the major working memory disadvantages [134]. However, a
different pattern of behavioral response was reported by
Wahlstrom’s group in adolescents: COMT Met/Met and
Val/Val adolescents performed worse than COMT Val/Met
in tasks requiring attention and working memory [135].
These apparently contrasting results might depend on the
shifting profiles in dopamine transmission and COMT
enzymatic activity across postnatal development. In fact,
dopamine turnover is highest during infancy [136], basal
PFC dopamine reaches a peak in adolescence [110, 112,
113], and COMT activity undergoes elevation from infancy
to adulthood [129]. Moreover, during adolescence further
changes in the dopamine system might be sex-dependent
[137] and COMT activity is also regulated by estrogens
[138]. Thus, in these evolving conditions, slight differences
in COMT activity (e.g. between Val/Val, Val/Met and
Met/Met) might act differently on the inverted U-shaped
curve to give optimal or non-optimal dopamine levels
depending on the developmental stage. In agreement, a
longitudinal and cross-sectional investigation of subjects
from 6 to 20 years old demonstrated that COMT Met/Met
subjects gradually switched from being underperformers (at
6 years) to exhibiting the best performance in working
memory task during adolescence (around 16-18 years) [139].
Taken together, these findings suggest that COMT genetic
variations have a crucial neurobehavioral impact in
childhood but that their effects are strongly dependent on
developmental stage.
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These COMT-related effects might also critically interact
with environmental factors during development. For
instance, Voelker and colleagues [140] provided evidence
that the COMT Val/Met variant interacts with parenting
quality and influences the executive attention network in
healthy toddlers between 18 and 21 months. Parental quality
was assessed observing parents’ behavior while playing with
their children. This study found that higher COMT activity
in toddlers enhanced the beneficial effects of parental care
and improved the development of executive attention.

Disturbances in executive function abilities during early
learning periods may lead to severe impairments and
potential detrimental disparities later in life [141, 142]. In
this context, preschool and kindergarten children may benefit
from activities aimed at improving executive abilities [142,
143]. COMT might play an important role in these
processes. For example, we already mentioned that cognitive
rehabilitation  using  function-specific =~ computer-aided
exercise improves cognitive outcome in patients with
schizophrenia, with COMT Met carriers being more likely to
acquire enhanced benefits from these cognitive exercises
[69]. These findings emphasize the importance of early
intervention in neurodevelopmental diseases and the value of
pre-intervention on cognitive and social interaction to
ameliorate disease progression. Despite the recognized
importance of early intervention, neither specific drugs nor
behavioral therapies are currently available to ameliorate
and/or prevent PFC-dependent cognitive disabilities. Further
studies focused on the role of COMT in the development of
executive functions in infancy, childhood and adolescence
are needed and could provide new important insights.

The 22gDS syndrome provides a good example of a
complex neurodevelopmental disease in which COMT might
have prominent effects in the development of cognitive
dysfunctions [94, 145-148]. Indeed, significant associations
have been found between COMT genetic variations and
cognitive impairments in 22qDS, even if results are often
inconsistent [94, 149]. Bearden and colleagues [150] found
that children with 22qDS and hemizygous for the COMT-
Met allele show enhanced performance on the digit span
working memory task compared to children with 22qDS but
COMT Val hemizygous. In contrast, other studies
demonstrated that 22qDS young individuals carrying the
low-activity COMT-Met allele show a more robust age-
dependent cognitive decline from 13 to 18 years and gray
matter volume reduction in PFC as compared with 22qDS
Val carriers [145, 149]. The reason for this discrepancy is
still unknown, but may be related to the different age of
subjects (13-18 years old in Gothelf vs 11 years old in
Bearden). Moreover, in 22qDS several genes other than
COMT are present in hemizygosity. Thus, more complex
genetic mechanisms that might interact and/or compensate
for COMT deficiency should be considered, too.
Longitudinal studies specifically considering the impact of
COMT alone and/or epistatic interactions with contiguous
genes in the 22q11.2 band and other additional loci in the
genome should be performed in the future. Mouse models of
22qDS genetic deletion and other relevant mutant mice may
help to address these questions faster than more complex
clinical studies.
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Another interesting example of a neurodevelopmental
disorder in which COMT might have great potential as a
drug target is PKU. Children with PKU lack phenylalanine
hydroxylase, the enzyme that converts phenylalanine to
tyrosine, and suffer severe brain damage and mental
retardation [151]. The primary cause of these cognitive
deficits is the high levels of phenylalanine that produce a
selective reduction in dopamine and dopamine metabolites in
the PFC [152]. Early treatment for PKU consists in reducing
dietary intake of phenylalanine, restoring 1Q to a normal
range and preventing signs of gross brain dysfunction [151].
However, if not strictly monitored to keep phenylalanine
levels very low [151], this treatment is still not able to
ameliorate specific cognitive deficits dependent on the PFC,
as shown by impairments in the WCST and in the Tower of
London tasks [123, 153, 154]. Compliance with the dietary
restrictions in PKU is a very difficult issue, because it is
rigid, not palatable and hard to follow [155]. Moreover
children and adolescents following the phenylalanine-
restricted diet might show growth retardation, bone
pathologies and deficient intake of various nutrients [153].
We then speculate that COMT might be potentially useful as
a drug target for a joint therapy to improve the prognosis and
the quality of life in PKU patients.

COMT has also been implicated in ADHD [156-158].
This disorder appears during childhood and is characterized
by age-inappropriate inattention, hyperactivity and
impulsivity believed to depend on dopaminergic
hyperfunctioning [159]. Children with ADHD that carry the
COMT Val/Val genotype show higher inattention in the Task-
Orientated Behavior, a task used to discriminate subjects with
ADHD and that highlights disturbances in problem-focused activity
[156]. Furthermore, ADHD subjects with the COMT Val allele
have a higher number of false alarm responses on the CPT
test [157]. In contrast, ADHD children with the Val/Val
genotype showed significantly better performance on a
sustained attention task compared to subjects with at least
one copy of the Met allele [158]. This discrepancy might be
due to the high percentage of children under
methylphenidate (MPH) medication in the latter study that
could exacerbate dopamine signaling and interact with the
COMT genotype. In fact, COMT genetic modifications can
also differently modulate the response to MPH
pharmacological treatments in children with ADHD. MPH is
the main drug for children affected by ADHD [160] and is
effective in 75% of children diagnosed with ADHD
improving attention, self control, school performance and
reducing impulsiveness [161]. MPH exerts its therapeutic
effects through an increase in dopamine signaling [162].
Over a period of 3-6 months of MPH treatment, children
(mean age 10 years) diagnosed with ADHD and carrying the
COMT Val allele were more likely to benefit from MPH
treatment than children with the Met/Met polymorphism
[163]. However, this COMT-MPH interaction might be
visible only in the long run as acute MPH treatment in
ADHD children (mean age 9 years) seems to give benefits in
measures of sustained attention in both COMT Val and Met
subjects [156]. These findings suggest that COMT might
modulate MPH therapeutic effects in ADHD. However,
further studies considering different developmental ages,
interaction with sex, and other COMT functional haplotypes
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are needed to effectively predict COMT-dependent treatment
response modulations in ADHD.

In conclusion, a full understanding and dissection of all
the genetic factors (such as COMT) involved in the
development of PFC-driven behaviors may help to design
more effective and less risky preventive interventions in
children based on personalized healthcare. In this context,
COMT represents both a possible genetic biomarker and a
promising target in the early treatment of PFC-dependent
cognitive impairments during development.

CONCLUSIONS AND FUTURE DIRECTIONS

The literature discussed in this review indicates a subtle
(though important) effect of COMT, on specific aspects of
frontal cognition. COMT genetic polymorphisms might
prove to be useful biomarkers in presymptomatic genetic
testing for estimating individual differences and the
vulnerability/risk to conditions characterized by executive
dysfunctions. Moreover, COMT polymorphisms can
modulate PFC-dependent cognitive responses to drugs,
especially those that impact the dopaminergic system (e.g.
antipsychotics, MPH etc.). Moreover, despite the fact that
COMT genetic background produces individual cognitive
differences; these can be modulated by pharmacological
treatment later on in life. Thus COMT might constitute a
promising drug target, and COMT genetic background might
be used in the future as an important factor in determining
the best treatment and/or drug dosage aiming to ameliorate
cognitive dysfunctions. Much less is known about the
putative impact of COMT on cognitive abilities regulated by
other brain areas other than PFC or regions that may interact
with the PFC itself. Thus, future studies will need to explore
this facet using parallel effective human and mouse
paradigms. In particular, genetically modified mouse models
provide unique advantages for unraveling molecular
mechanisms and effectiveness of new therapeutic strategies
based on neural circuits regulated by COMT activity.

COMT modulates PFC-dependent cognitive functions
which are altered in many debilitating psychiatric disorders
such as schizophrenia, ADHD, obsessive-compulsive
disorder, and 22qDS. To better unravel the modulation of
COMT as potential risk factor in these mental disorders,
future studies should consider all validated functional
COMT genetic variations and not only the Val/Met single
nucleotide polymorphism. This might also allow preventing
the overt outcome of mental illnesses and to better
ameliorate the associated cognitive impairments (or at least a
subgroup of them) on a person-by-person basis, with safer
and more effective results.

Identification of suspected genetic variations might
indicate, already in early development, conditions that are
more likely to develop into cognitive disadvantages or even
psychiatric illnesses. Due to the vulnerability of brain
maturation during infancy and adolescence, peculiar
attention has to be paid to the precocious development of
cognitive deficits that are implicated in so many disorders
[116-118, 120, 124]. New pharmacological and cognitive
interventions must take into account their impact on brain
maturation and their interaction with genetic modifications
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that might modulate the effectiveness of the interventions
(e.g. COMT).

Individual polymorphisms do not act by themselves but
interact with environmental and other genetic factors. This
means that we should not overlook a number of interacting
factors such as the additive or compensatory effect of multiple
genes, social context and the effect of sex. For example,
estrogens affect COMT [164] and the same COMT Val/Met
variant might result in different PFC dopamine levels in adult
males compared to females [12]. Moreover, there is evidence
for sexually dimorphic associations between COMT
polymorphisms and cognitive or psychiatric phenotypes, such
as in schizophrenia [165, 166], obsessive-compulsive disorder
[167, 168] and ADHD [169]. For complex brain functions, it is
likely necessary to examine interactions with multiple
polymorphisms within a gene, between genes, and with
environmental factors. This complexity can be addressed in
future investigations. Studies using genetically modified mice,
closely paired with human genetic/behavioral studies addressing
multiple gene alterations, may contribute to understanding the
interactions between genes that impact the PFC networks and
that are critical for the development of cognitive alterations. The
findings from research of this kind will facilitate progress
towards the development of new and more efficient
ad personam therapeutic strategies in psychiatric disorders and
their cognitive components.
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ABBREVIATIONS
ADHD

Attention deficit hyperactive disorder

COMT = Catechol-O-metyltransferase

CPT = Continuous performance test

22qDS = 22ql1.2 deletion syndrome

fMRI = Functional magnetic resonance imaging
ID/ED = Intradimensional/extradimensional
MB-COMT = Membrane bound COMT

MPH = Methylphenidate

PFC = Prefrontal cortex

PKU = Phenylketonuria

PTSD = Post-traumatic stress disorders

SNP = Single nucleotide polymorphism
WCST = Wisconsin card sorting test
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