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Neurofibromatosis type I (NF1) is a neurogenetic disease marked by multiple cognitive
and learning problems. Genetic variants may account for phenotypic variance in
NF1. Here, we investigated the association between the catechol-O-methyltransferase
(COMT ) Val158Met polymorphism and working memory and arithmetic performance
in 50 NF1 individuals. A significant association of the COMT polymorphism was
observed only with verbal working memory, as measured by the backward digit-span
task with an advantageous performance for Met/Met carriers. To study how genetic
modifiers influence NF1 cognitive performance might be of importance to decrease the
unpredictability of the cognitive profile among NF1 patients.

Keywords: neurofibromatosis type I, COMT Val158Met polymorphism, working memory, arithmetic, genetic
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INTRODUCTION

Neurofibromatosis type 1 (NF1) is a common neurogenetic disorder affecting 1 in each 3500
individuals (Friedman, 1999; Ferner, 2007). The NF1 gene includes 63 exons and encodes a 220–
250 kDa protein termed neurofibromin (Cawthon et al., 1990; Viskochil et al., 1990). NF1 is caused
by mutations only in the NF1 gene and have an autosomal dominant inheritance (Easton et al.,
1993; Ward and Gutmann, 2005; Sabbagh et al., 2009). This single-gene disease is marked by
cognitive, learning, and behavioral problems and is a potential model for the investigation of the
biological mechanisms related to these complex phenotypes (Shilyansky et al., 2010).

Cognitive impairment and academic failure are the most common reported problems in the
clinical care of NF1 individuals (Hyman et al., 2005). Executive function impairments impact
overall academic achievement and quality of life with up to 80% of NF1 children experiencing
moderate to severe deficits. NF1 affects planning, visuospatial processing, reading and vocabulary
skills, and courses with an observed higher rate of attention-deficit/hyperactivity disorder and
a mildly lower IQ score (Hachon et al., 2011; Lehtonen et al., 2013). However, there is a high
variation among NF1 patients regarding the specific cognitive domain affected or the extension
of the cognitive deficit (Lehtonen et al., 2013). In fact, NF1 phenotype varies from minimal to
maximal presentation in all clinical characteristics, and cognitive and behavioral aspects are not an
exception (Shilyansky et al., 2010).

Frontiers in Human Neuroscience | www.frontiersin.org 1 July 2016 | Volume 10 | Article 334

http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://dx.doi.org/10.3389/fnhum.2016.00334
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3389/fnhum.2016.00334
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2016.00334&domain=pdf&date_stamp=2016-07-05
http://journal.frontiersin.org/article/10.3389/fnhum.2016.00334/abstract
http://loop.frontiersin.org/people/220659/overview
http://loop.frontiersin.org/people/90610/overview
http://loop.frontiersin.org/people/357247/overview
http://loop.frontiersin.org/people/60514/overview
http://loop.frontiersin.org/people/357112/overview
http://loop.frontiersin.org/people/60513/overview
http://loop.frontiersin.org/people/60764/overview
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


fnhum-10-00334 July 1, 2016 Time: 14:38 # 2

de Souza Costa et al. COMT Polymorphism and Working Memory in NF1

Phenotype variability in NF1 is not easily explained. There
are thousands of mutations described in the NF1 gene with
unsatisfactory genotype–phenotype associations (Pasmant et al.,
2012). Even in the same family with multiple cases, a phenotypic
variation of NF1 is present (Pasmant et al., 2012). It is possible
that genetic variants also account for phenotypic variance
in NF1 with the same mutation being modified concerning
genotype–phenotype associations depending on different genetic
backgrounds (Shilyansky et al., 2010).

Genetics has a significant influence on individual differences
in cognitive function with dopamine-related polymorphisms
among the most studied candidate genes (Savitz et al., 2006;
Bellander et al., 2015). Dopamine level is essential for prefrontal
function and cognition (Cools and Robbins, 2004), which is
well documented for working memory and other aspects of
cognitive control (Cools and D’Esposito, 2011). The catechol-
O-methyltransferase (COMT) gene is the most investigated of
the genes influencing dopamine-mediated functions (Dickinson
and Elvevag, 2009). A commonly explored COMT variant,
the Val158Met (rs4680), consists in a 158Val (G) to Met (A)
polymorphism that reduces the activity of the COMT enzyme
leading to a higher extracellular dopamine level mostly in the
prefrontal cortex (PFC; Chen et al., 2004; Dickinson and Elvevag,
2009). Met allele carriers and conditions with intermediary
values in a U-shape distribution of the dopaminergic synaptic
availability in the PFC generally are favored in measures of
cognitive control (Mier et al., 2010), though this is still a matter
of controversy.

Different cognitive subprocesses may be differentially affected
by the COMT alleles (Barnett et al., 2008; Mier et al., 2010).
An example of the differential effect of the COMT alleles is
on working memory. Working memory involves processes of
maintenance and updating of information. It is an important
cognitive function and is closely related to executive functions
(Diamond, 2013). Regarding the COMT influence on working
memory, performance requiring maintenance seems to be
favored by the Met allele while the Val allele may be advantageous
in updating tasks (Bellander et al., 2015). Testing different
components of working memory (i.e., simple retention of
information, content or modalities of information, and active
manipulation of information) studies have shown that only
mental manipulation of information is sensitive to the COMT
dopaminergic modulation with Met/Met participants showing
the best performance (Bruder et al., 2005; Aguilera et al., 2008).
There are also investigations showing no significant association
between the COMT gene and cognitive measures. Recently, a
study using a multi-task approach found no effect of the COMT
genotype on performance at highly demanding working memory
loads (Ihne et al., 2016). Searching for evidence of a COMT
genotype effect on working memory-related activation, a meta-
analytic imaging study identified expected regions, namely the
right inferior parietal lobe and the right dorsolateral PFC, as
showing the highest likelihood for activation in both healthy
controls and schizophrenia patients, but the significance of
these results did not survive correction for a whole-brain
approach (Nickl-Jockschat et al., 2015). On the other hand, many
individual studies were able to find an association between the

COMT alleles and performance in working memory tasks with
activation of areas of the prefrontal–parietal–striatal network
(Tan et al., 2007; Stokes et al., 2011; Kondo et al., 2015). Still, the
association of the COMT gene with working memory is one of
the best replicated so far (Mier et al., 2010; Ihne et al., 2016).

Cognitive impairment in NF1 has significant consequences
in daily life, including prominent deficits in school abilities,
which may occur in 75% of NF1 patients (Krab et al., 2008).
Impairment in working memory and executive functions is
a common feature of NF1, and might be an underlying
contribute factor for the impairment in academic abilities
(Hyman et al., 2005; Krab et al., 2008; Rowbotham et al.,
2009). Working memory is highly involved in academic skills
including reading, writing, and arithmetic (Baddeley, 2003;
Geary, 2011). As stated before, working memory is a dopamine-
mediated function. Dopamine homeostasis contributes to
learning, memory, and attention, however, the mechanisms by
which NF1 modulates dopamine signaling is still unknown
(Diggs-Andrews and Gutmann, 2013). Therefore, in a multilevel
perspective, COMT genotype (neurobiological level) might
modulate working memory (cognitive level) and reflects on
low academic achievement (functional level). To date, we
found no study investigating the association of this specific
genetic polymorphism with cognitive performance in an NF1
population. In this study, we aim to unravel the association
between the COMT genotype, working memory performance,
and school achievement (using a basic arithmetic test) in a
heterogeneous NF1 sample. The study has the potential to
provide insight into the mechanisms underlying phenotypic
variability in NF1.

METHODS AND PROCEDURES

Participants
Fifty participants with NF1 [19 subjects from 6- to 18-year-old
(11.89 ± 4.11 years; 11 male) and 31 adults from 19- to 50-
year-old (30.97 ± 8.81 years; 13 male)] were enrolled in this
study. All individuals were recruited from a specialized clinic
in neurofibromatosis at the Hospital of the Federal University
of Minas Gerais. NF1 diagnosis followed the criteria specified
by the National Institutes of Health statement [NIH] (1988)
statement. Besides NF1, it was not reported by the participants or
their families any history of genetic, neurological, or psychiatric
disorders. This study is part of a research project that seeks
to investigate molecular mechanisms of NF1 approved by the
Federal University of Minas Gerais ethics committee. Written
informed consent was obtained from all participants and/or from
their parents according to the Declaration of Helsinki.

Working Memory Assessment
All participants completed the age-appropriate digit-span subtest
of the Wechsler Adult and Children Intelligence Scales
(Wechsler, 2002, 2004) and the Corsi block-tapping task (Kessels
et al., 2000, 2008). Both are span tasks where the examiner
presents a growing sequence of numbers (digit-span) or moves
on a wooden board (Corsi block-tapping). The subject must
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repeat the same sequence (forward versions of the tasks) or
say/do it from the last to the first item (a backward version of
the tasks). For each span (starting at two items), the examiner
presented two different sequences. The tasks are stopped when
the subject is not able to correctly repeat two sequences of same
span length. We used the product of the maximum span length
and number of correct trials as test measures (Kessels et al., 2008).
This strategy usually produces more representative measures of
working memory variability than the number of correct trials or
the maximum span achieved.

IQ Assessment
General intellectual functioning was assessed by the third version
of the Brazilian Wechsler Intelligence Scales (WAIS-III or WISC-
III for adults and children, respectively; Wechsler, 2002, 2004).

School Performance Assessment
We adopted the arithmetic subtest from the School Achievement
Test (Stein, 1994), as an objective measure of school performance.
The School Achievement Test is a standard measure of academic
skills including reading, writing, and arithmetic. The test was
developed for the Brazilian population following the country
educational agenda and have adequate normative data for
grades 1–6. Participants’ scores on arithmetic were categorized
in low-achievement or normal-high-achievement according to
the guidelines proposed by Oliveira-Ferreira et al. (2012)
and the total years of formal education showed by each
participant.

Socioeconomic Status Assessment
Socioeconomic status (SES) was assessed using the Brazilian
Criterion for Economic Classification (CCEB) according to
the criteria established by the Brazilian Research Enterprises
Association (Associação Brasileira de Empresas de Pesquisa
[ABEP], 2013). The CCEB estimates the purchasing power
of families living in urban areas. It includes nine items that
measure the available resources at home and one item that
judges the education level of the householder, resulting in a
scale ranging from 0 to 46 points, and segmentation into eight
economic classes. These economic classes can be divided into
three larger classes: “high” (A and B classes; median monthly
household income from U$2349 to U$4152), “middle” (C class;
median monthly household income from U$514 to U$1190)
and “low” (D and E classes; median monthly household income
of U$348). Eighteen NF1 participants (36%) were classified as
high class, 27 (54%) as middle class, and five (10%) as low
class.

COMT Genotyping
The polymorphism was assessed by a standard procedure
previously reported (Pereira et al., 2012). Genomic DNA was
extracted from blood samples using the high salt method (Lahiri
and Nurnberger, 1991). The COMT functional polymorphism
(val158met, rs4680) was purchased in a made-to-order from
Applied Biosystems R©. Genotyping was performed using a real-
time PCR system in the allelic discrimination mode (Stratagene

Mx3005 – MxPro QPCR-Software, 2007) using the TaqMan
Genotyping Master Mix (Applied Biosystems, Foster City,
CA, USA). PCR parameters included an initial denaturation
at 95◦C for 10 min, followed by 50 cycles at 95◦C for
15 s and 60◦C for 1 min. Each reaction contained 3.5 µl
of mix, 0.1 µl of the probe, 3.4 µl of deionized water,
and 1.0 µl of DNA. Researchers involved in genotyping
were blind to neuropsychological results, and researchers
participating in neuropsychological assessments were blind
to the genotyping results. COMT genotype was coded as a
categorical variable (Val/Val, Met/Val, and Met/Met) for further
analysis.

Statistical Procedures
Most of our data was non-normally distributed. The use of
data transformation procedures (square, cube, square root,
and logarithm) did not succeed in normalizing the data
distribution. We then adopted non-parametric tests for the
following procedures. Non-parametric univariate comparisons
performed by the Kruskal–Wallis tests did not show differences
between age (χ2

= 3.21, p = 0.201), years of formal education
(χ2
= 0.65, p = 0.721), SES (χ2

= 1.03, p = 0.596), or
intelligence (χ2

= 1.83, p = 0.400) between the genotype
groups. In this sense, we compared the three COMT genotypes
(Val/Val, Val/Met, Met/Met) in the digit-span and Corsi block-
tapping tasks by the same statistical procedure. To ensure results’
consistency, we analyzed the p-values along with the effect
sizes (“r” conversion computed by dividing the resulting “Z”
by the square root of the total sample size). This method can
be interpreted as a correlational coefficient, and effect sizes
higher than 0.3 can be considered moderate and larger than
0.5 interpreted as large according to Cohen’s (1988) guidelines.
Post hoc comparisons between each COMT genotype were
corrected by the Dunn–Bonferroni method. The comparison
between the two groups defined by the school achievement
and the COMT genotype was performed by a chi-square
test. A secondary analysis investigated the association between
COMT genotype, IQ, and working memory with arithmetic’s
performance. We stratified the participants based on the
School Achievement Test performance and used multinomial
stepwise logistic regression models to assess whether low
school achievement was associated with neurobiological and
cognitive measures. All statistical procedures were performed in
SPSS 20.0.

RESULTS

Demographic and cognitive characteristics of the participants
are shown in Table 1. There were no differences between
the genotype groups regarding sociodemographic features. No
significant differences in performance according to COMT
genotype were found for the digit-span forward (χ2

= 1.06,
p = 0.587), Corsi block-tapping task forward (χ2

= 4.29,
p= 0.117) and backward (χ2

= 3.27, p= 0.195). In the digit-span
backward condition, significant group differences were found
(χ2
= 6.65, p = 0.036). The Met/Met group outperformed the
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TABLE 1 | Demographic and cognitive characteristics of the participants.

Val/Val (N = 16) Val/Met (N = 23) Met/Met (N = 11) KW1

Pc.25 Pc.50 Pc.75 Pc.25 Pc.50 Pc.75 Pc.25 Pc.50 Pc.75 χ2 p

Age (years) 17 26 32 10 19 29 18 28 44 3.21 0.201

Formal education (years) 8 9 11 3 11 11 8 9 11 0.65 0.721

Socioeconomic status 16 21 26 15 19 25 16 20 33 1.03 0.596

Full scale IQ 89 95 103 77 94 106 89 98 106 1.73 0.400

Digit-span (forward) 22 31 47 18 24 35 20 33 35 1.06 0.587

Digit-span (backward)∗ 9 12 20 4 9 20 12 20 25 6.65 0.036

Corsi block-tapping (forward) 34 35 44 16 30 40 35 40 48 4.29 0.117

Corsi block-tapping (backward) 14 21 38 4 12 24 4 18 48 3.27 0.195

1Kruskal–Wallis Test, Pc=Percentile, ∗significant at p < 0.05.

FIGURE 1 | Box-plots showing participants performance on working memory measures stratified by COMT genotype. We found no significant
differences in the digit-span forward (χ2

= 1.06, p = 0.587), Corsi block-tapping task forward (χ2
= 4.29, p = 0.117) and backward (χ2

= 3.27, p = 0.195). In the
digit-span backward condition, significant group differences were found (χ2

= 6.65, p = 0.036). The Met/Met group outperformed the Val/Met group (Z = 2.58,
p = 0.030, r = 0.44) but not the Val/Val group (Z = 0.87, p = 1.000). There were no differences between the Val/Val and Val/Met groups (Z = 1.69, p = 0.273). “x”
represents test means. The dots represent outlier observation points.

Val/Met group (Z = 2.58, p = 0.030, r = 0.44) but not the
Val/Val group (Z = 0.87, p = 0.999). There was no difference in
performance between the Val/Val and Val/Met groups (Z = 1.69,
p= 0.273). Group differences are represented in Figure 1.

The school performance analysis showed that 40% of our
sample had difficulties in basic arithmetic skills according to the
cut-offs of the School Achievement Test (i.e., performance below
the 25 percentile). However, we found no significant difference
between low-achievement and normal-high-achievement groups
regarding COMT genotypes distribution (χ2

= 0.952, p= 0.621).
The final step of the backward logistic regression model
was significant (χ2

= 26.30, df = 2, p < 0.001) and
showed a moderate sensitivity (83%) and specificity (75%) for

individual classification. IQ (p = 0.007) and working memory
assessed by the backward digit-span task (p = 0.020) were
directly associated with lower arithmetic performance, but
not COMT genotype neither the remaining working memory
measures.

DISCUSSION

Our preliminary results support an advantageous working
memory performance in NF1 Met/Met carriers, which
strengthens the hypothesis of genetic variants accounting for
phenotypic variability in NF1. Considering the well-established
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COMT polymorphism effect on working memory (Mier et al.,
2010; Bellander et al., 2015), we add into this line of evidence
showing a COMT Val158Met genotype effect on cognitive control
even in a sample of subjects with a monogenic disorder with
compromising of behavior and cognition.

The COMT effect on working memory in our sample,
however, was only observed for performance on the backward
condition of the digit-span task. This result is in line with
studies showing a COMT effect on measures demanding an
active process of manipulation, but not on measures that only
require maintenance of information (Bruder et al., 2005; Aguilera
et al., 2008). Therefore, the lack of a COMT influence on
the forward conditions of the working memory tasks that we
observed is not without precedents. The absence of a COMT
association with the backward version of the Corsi block-tapping
task could lead us to hypothesize about a content-dependent
(i.e., verbal vs. visuospatial) effect. Nevertheless, other studies
have not shown such modality-dependent differences (Bruder
et al., 2005; Aguilera et al., 2008; Ihne et al., 2016). Moreover,
the backward Corsi block-tapping task have failed to demonstrate
the same level of difficulty compared to the backward digit-
span task and participants reach the same performance on both
the forward and the backward versions of the Corsi block-
tapping task (Mammarella and Cornoldi, 2005; Kessels et al.,
2008). Thus, it seems more likely that our findings reflect a
major COMT influence on measures demanding greater mental
manipulation of information in working memory (Bruder et al.,
2005).

In two different animal models of NF1, an inverted
relation between the reduction of dopamine levels and the
impairments of spatial learning were observed (Anastasaki
et al., 2015) suggesting the importance of dopamine activity
for NF1 cognition. It has been shown that neurofibromin
modulates inhibitory networks in prefrontal and striatal regions,
impacting working memory performance (Shilyansky et al.,
2010), but our results suggest that variability in cognitive
level expression between NF1 individuals may occur as a
result of variability in their genetic background. It has been
hypothesized that genetic modifiers could interact on a more
functional level to exacerbate or compensate for the signaling
changes caused by loss of NF1 (Shilyansky et al., 2010).
Future studies are needed to show whether NF1 may moderate
known effects of other specific genetic polymorphisms on
cognition.

Although we have found no direct effect of the COMT
genotype on NF1 arithmetic performance, the backward
digit-span was predictive of lower arithmetic performance,
together with IQ, in our sample. It is important to
emphasize that 40% of the subjects in this study were
classified as showing difficulties in basic arithmetic abilities.
Working memory is known to be important for numerical
processing (González-Giraldo et al., 2014). Despite controversies
regarding which allele would be advantageous to numerical
abilities, the COMT Val158Met has been associated with
arithmetical functioning (Júlio-Costa et al., 2013; González-
Giraldo et al., 2014) with dopamine playing a key role

in updating new information at the neural systems level
(Tan et al., 2007). It is possible that the lack of association
at a functional level (academic performance) with the
COMT polymorphism in our study reflects a bias of sample
power, but future studies are needed to investigate the
existence of a more direct effect of COMT on arithmetic
in NF1.

To our knowledge, this is the first study finding associations
of a polymorphism in the COMT gene with cognitive
measures in NF1 participants. This result may have practical
implications since it may add evidence to the usefulness of
dopamine-targeted therapies for some NF1 individuals with
executive impairments (Diggs-Andrews and Gutmann, 2013).
For example, the pharmacological response of NF1 individuals
to methylphenidate, a psychostimulant medication that increases
extracellular dopamine availability in dopaminergic neurons,
might results in improved attention and working memory and
consequent better academic performance (Mautner et al., 2002;
Lion-François et al., 2014). In this sense, the genetic background
may be useful to determine the sensibility of specific groups
to distinct therapy methods. Additionally, to study how genetic
modifiers influence NF1 cognitive performance might be of
importance to decrease the unpredictability of the cognitive
profile among NF1 patients. In this context, we have to emphasize
that it is a preliminary data in a small sample, but with some
potential consequences. In conclusion, we found a preliminary
data identifying modifier genes such as COMT polymorphism
being associated with working memory performance in an NF1
sample.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: DS, JP, DM, and MR-S.
Neuropsychological data collection and supervision: DS, JP, and
LM-D. Clinical NF1 data collection and supervision: DM and LR.
Genetic data analysis: AA-S and PP. Analyzed the data: DS and
JP. Contributed reagents/materials/analysis tools: DM, LM-D,
MR-S, and LR. Wrote the paper: DS, JP, AA-S, PP, LR, LM-D,
MR-S, and DM.

FUNDING

This study was supported by INCT-MM that is financed by
the Brazilian agencies for research development: Conselho
Nacional de Desenvolvimento Científico e Tecnológico (CNPq),
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES), and Fundação de Amparo à Pesquisa do Estado
de Minas Gerais (FAPEMIG: CBB-APQ-00075-09/CNPq
573646/2008-2).

ACKNOWLEDGMENT

The authors gratefully acknowledge all participants.

Frontiers in Human Neuroscience | www.frontiersin.org 5 July 2016 | Volume 10 | Article 334

http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


fnhum-10-00334 July 1, 2016 Time: 14:38 # 6

de Souza Costa et al. COMT Polymorphism and Working Memory in NF1

REFERENCES
Aguilera, M., Barrantes-Vidal, N., Arias, B., Moya, J., Villa, H., Ibáñez, M. I., et al.

(2008). Putative role of the COMT gene polymorphism (Val158Met) on verbal
working memory functioning in a healthy population. Am. J. Med. Genet. Part
B 147B, 898–902. doi: 10.1002/ajmg.b.30705

Anastasaki, C., Woo, A. S., Messiaen, L. M., and Gutmann, D. H. (2015).
Elucidating the impact of neurofibromatosis-1 germline mutations on
neurofibromin function and dopamine-based learning. Hum. Mol. Genet. 24,
3518–3528. doi: 10.1093/hmg/ddv103

Associação Brasileira de Empresas de Pesquisa [ABEP] (2013). Critério
de Classificação Econômica Brasil. Available at: http://www.abep.org/new/
criterioBrasil.aspx

Baddeley, A. (2003). Working memory: looking back and looking forward. Nat.
Rev. Neurosci. 4, 229–239. doi: 10.1038/nrn1201

Barnett, J. H., Scoriels, L., and Munafo, M. R. (2008). Meta-analysis of the cognitive
effects of the catechol-O-methyltransferase gene val158/108met polymorphism.
Biol. Psychiatry 64, 137–144. doi: 10.1016/j.biopsych.2008.01.005

Bellander, M., Bäckman, L., Liu, T., Schjeide, B. M., Bertram, L., Schmiedek, F.,
et al. (2015). Lower baseline performance but greater plasticity of working
memory for carriers of the val allele of the COMT Val158Met polymorphism.
Neuropsychology 29, 247–254. doi: 10.1037/neu0000088

Bruder, G. E., Keilp, J. G., Xu, H., Shikhman, M., Schori, E., Gorman, J. M.,
et al. (2005). Catechol-O-methyltransferase (COMT) genotypes and working
memory: associations with differing cognitive operations. Biol. Psychiatry 58,
901–907. doi: 10.1016/j.biopsych.2005.05.010

Cawthon, R. M., Weiss, M., Xu, G., Viskochil, D., Culver, M., Stevens, J., et al.
(1990). A major segment of the neurofibromatosis type 1 gene: cDNA sequence,
genomic structure and point mutations. Cell 62, 193–201. doi: 10.1016/0092-
8674(90)90253-B

Chen, J., Lipska, B. K., Halim, N., Ma, Q. D., Matsumoto, M., Melhem, S., et al.
(2004). Functional analysis of genetic variation in catechol-O-methyltransferase
(COMT): effects on mRNA, protein, and enzyme activity in postmortem human
brain. Am. J. Hum. Genet. 75, 807–821. doi: 10.1086/425589

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences, 2 Edn.
New York, NY: Lawrence Erlbaum Associates.

Cools, R., and D’Esposito, M. (2011). Inverted-U-shaped dopamine actions on
human working memory and cognitive control. Biol. Psychiatry 69, e113–e125.
doi: 10.1016/j.biopsych.2011.03.028

Cools, R., and Robbins, T. W. (2004). Chemistry of the adaptive mind. Philos.
Trans. A Math. Phys. Eng. Sci. 362, 2871–2888. doi: 10.1098/rsta.2004.1468

Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135–168. doi:
10.1146/annurev-psych-113011-143750

Dickinson, D., and Elvevag, B. (2009). Genes, cognition and brain through a
COMT lens. Neuroscience 164, 72–87. doi: 10.1016/j.neuroscience.2009.05.014

Diggs-Andrews, K. A., and Gutmann, D. H. (2013). Modeling cognitive
dysfunction in neurofibromatosis-1. Trends Neurosci. 36, 237–247. doi:
10.1016/j.tins.2012.12.002

Easton, D. F., Pondert, M. A., Huson, S. M., and Ponder, B. A. J. (1993). An analysis
of variation in expression of neurofibromatosis (NF) Type I (NF I): evidence for
modifying genes. Am. J. Hum. Genet. 53, 305–313.

Ferner, R. E. (2007). Neurofibromatosis 1. Eur. J. Hum. Gene. 15, 131–138. doi:
10.1038/sj.ejhg.5201676

Friedman, J. M. (1999). Epidemiology of neurofibromatosis type. Am. J.
Med. Genet. 89, 1–6. doi: 10.1002/(SICI)1096-8628(19990326)89:1<1::AID-
AJMG3>3.0.CO;2-8

Geary, D. C. (2011). Cognitive predictors of achievement growth in mathematics:
a five year longitudinal study. Dev. Psychol. 47, 1539–1552. doi: 10.1037/
a0025510

González-Giraldo, Y., Rojas, J., Novoa, P., Mueller, S. T., Piper, B. J., Adan, A.,
et al. (2014). Functional polymorphisms in BDNF and COMT genes
are associated with objective differences in arithmetical functioning in a
sample of young adults. Neuropsychobiology 70, 152–157. doi: 10.1159/0003
66483

Hachon, C., Iannuzzi, S., and Chaix, Y. (2011). Behavioural and cognitive
phenotypes in children with neurofibromatosis type 1 (NF1): the link with the
neurobiological level. Brain Dev. 33, 52–61. doi: 10.1016/j.braindev.2009.12.008

Hyman, S. L., Shores, E. A., and North, K. N. (2005). The nature and frequency
of cognitive deficits in children with neurofibromatosis type 1. Neurology 65,
1037–1044. doi: 10.1212/01.wnl.0000179303.72345.ce

Ihne, J. L., Gallagher, N. M., Sullivan, M., Callicott, J. H., and Green, A. E. (2016).
Is less really more: does a prefrontal efficiency genotype actually confer better
performance when working memory becomes difficult? Cortex 74, 79–95. doi:
10.1016/j.cortex.2015.10.025

Júlio-Costa, A., Antunes, A. M., Lopes-Silva, J. B., Moreira, B. C., Vianna,
G. S., Wood, G., et al. (2013). Count on dopamine: influences of
COMT polymorphisms on numerical cognition. Front. Psychol. 4:531. doi:
10.3389/fpsyg.2013.00531

Kessels, R. P., van den Berg, E., Ruis, C., and Brands, A. M. (2008). The backward
span of the Corsi Block-Tapping Task and its association with the WAIS-III
Digit Span. Assessment 15, 426–434. doi: 10.1177/1073191108315611

Kessels, R. P., Van Zandvoort, M. J., Postma, A., Kappelle, L. J., and De Haan, E. H.
(2000). The Corsi block-tapping task: standardization and normative data. App.
Neuropsychol. 7, 252–258. doi: 10.1207/S15324826AN0704_8

Kondo, H. M., Nomura, M., and Kashino, M. (2015). Different roles of COMT and
HTR2A genotypes in working memory subprocesses. PLoS ONE 10:e0126511.
doi: 10.1371/journal.pone.0126511

Krab, L. C., Aarsen, F. K., de Goede-Bolder, A., Catsman-Berrevoets, C. E., Arts,
W. F., Moll, A. H., et al. (2008). Impact of neurofibromatosis type 1 on school
performance. J. Child Neurol. 23, 1002–1010. doi: 10.1177/0883073808316366

Lahiri, D. K., and Nurnberger, J. I. Jr. (1991). A rapid non-enzymatic method for
the preparation of HMW DNA from blood for RFLP studies. Nucleic Acids Res.
19:5444. doi: 10.1093/nar/19.19.5444

Lehtonen, A., Howie, E., Trump, D., and Huson, S. M. (2013). Behaviour
in children with neurofibromatosis type 1: cognition, executive function,
attention, emotion, and social competence. Dev. Med. Child Neurol. 55, 111–
125. doi: 10.1111/j.1469-8749.2012.04399.x

Lion-François, L., Gueyffier, F., Mercier, C., Gérard, D., Herbillon, V., Kemlin, I.,
et al. (2014). NF1 Rhône Alpes Auvergne-France. The effect of methylphenidate
on neurofibromatosis type 1: a randomised, double-blind, placebo-controlled,
crossover trial. Orphanet J. Rare Dis. 9:142. doi: 10.1186/s13023-014-0142-4

Mammarella, I. C., and Cornoldi, C. (2005). Sequence and space: the critical
role of a backward spatial span in the working memory deficit of
visuospatial learning disabled children. Cogn. Neuropsychol. 22, 1055–1068. doi:
10.1080/02643290442000509

Mautner, V. F., Kluwe, L., Thakker, S. D., and Leark, R. A. (2002). Treatment of
ADHD in neurofibromatosis type 1. Dev. Med. Child Neurol. 44, 164–170. doi:
10.1111/j.1469-8749.2002.tb00780.x

Mier, D., Kirsch, P., and Meyer-Lindenberg, A. (2010). Neural substrates of
pleiotropic action of genetic variation in COMT: a meta-analysis. Mol.
Psychiatry 15, 918–927. doi: 10.1038/mp.2009.36

National Institutes of Health statement [NIH] (1988). Neurofibromatosis
conference statement. National Institute of Health Consensus Development
Conference. Arch. Neurol. 45, 576–578.

Nickl-Jockschat, T., Janouschek, H., Eickhoff, S. B., and Eickhoff, C. R. (2015).
Lack of meta-analytic evidence for an impact of COMT Val158Met genotype
on brain activation during working memory tasks. Biol. Psychiatry 78, e43–e46.
doi: 10.1016/j.biopsych.2015.02.030

Oliveira-Ferreira, F., Costa, D. S., Micheli, L. R., Oliveira, L. F. S., Pinheiro-
Chagas, P., and Haase, V. G. (2012). School achievement test: normative data
for a representative sample of elementary school children. Psychol. Neurosci. 5,
157–164. doi: 10.3922/j.psns.2012.2.05

Pasmant, E., Vidaud, M., Vidaud, D., and Wolkenstein, P. (2012).
Neurofibromatosis type 1: from genotype to phenotype. J. Med. Genet.
49, 483–489. doi: 10.1136/jmedgenet-2012-100978

Pereira, P. A., Bicalho, M. A., Nicolato, R., Malloy-Diniz, L. F., Romano-Silva,
M. A., and Miranda, D. M. (2012). Catechol-O-Methyltransferase genetic
variant and associated with risk of Alzheimer Disease in Brazilian Population.
Dement. Geriatr. Cogn. Disord. 34, 90–95. doi: 10.1159/000341578

Rowbotham, I., Pit-ten Cate, I. M., Sonuga-Barke, E. J., and Huijbregts, S. C.
(2009). Cognitive control in adolescents with neurofibromatosis type 1.
Neuropsychology 23, 50–60. doi: 10.1037/a0013927

Sabbagh, A., Pasmant, E., Laurendeau, I., Parfait, B., Barbarot, S.,
Guillot, B., et al. (2009). Unravelling the genetic basis of variable clinical

Frontiers in Human Neuroscience | www.frontiersin.org 6 July 2016 | Volume 10 | Article 334

http://www.abep.org/new/criterioBrasil.aspx
http://www.abep.org/new/criterioBrasil.aspx
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


fnhum-10-00334 July 1, 2016 Time: 14:38 # 7

de Souza Costa et al. COMT Polymorphism and Working Memory in NF1

expression in neurofibromatosis 1. Hum. Mol. Genet. 18, 2768–2778. doi:
10.1093/hmg/ddp212

Savitz, J., Solms, M., and Ramesar, R. (2006). The molecular genetics of
cognition: Dopamine, COMT and BDNF. Genes Brain Behav. 5, 311–328. doi:
10.1111/j.1601-183X.2005.00163.x

Shilyansky, C., Karlsgodt, K. H., Cummings, D. M., Sidiropoulou, K., Hardt, M.,
James, A. S., et al. (2010). Neurofibromin regulates corticostriatal inhibitory
networks during working memory performance. Proc. Natl. Acad. Sci. U.S.A.
107, 13141–13146. doi: 10.1073/pnas.1004829107

Shilyansky, C., Lee, Y. S., and Silva, A. J. (2010). Molecular and cellular mechanisms
of learning disabilities: a focus on NF1. Annu. Rev. Neurosci. 33, 221–243. doi:
10.1146/annurev-neuro-060909-153215

Stein, L. M. (1994). TDE: Teste de Desempenho Escolar: manual para a aplicação e
interpretação. São Paulo: Casa do Psicólogo.

Stokes, P. R., Rhodes, R. A., Grasby, P. M., and Mehta, M. A. (2011). The effects of
the COMT Val108/158Met polymorphism on BOLD activation during working
memory, planning, and response inhibition: a role for the posterior cingulate
cortex? Neuropsychopharmacology 36, 763–771. doi: 10.1038/npp.2010.210

Tan, H. Y., Chen, Q., Goldberg, T. E., Mattay, V. S., Meyer-Lindenberg, A.,
Weinberger, D. R., et al. (2007). Catechol-O-methyltransferase Val158Met
modulation of prefrontal-parietal-striatal brain systems during arithmetic and
temporal transformations in working memory. J. Neurosci. 27, 13393–13401.
doi: 10.1523/JNEUROSCI.4041-07.2007

Viskochil, D., Buchberg, A. M., Xu, G., Cawthon, R. M., Stevens, J., Wolff,
R. K., et al. (1990). Deletions and a translocation interrupt a cloned gene
at the neurofibromatosis type 1 locus. Cell 62, 187–192. doi: 10.1016/0092-
8674(90)90252-A

Ward, B. A., and Gutmann, D. H. (2005). Neurofibromatosis 1: from lab
bench to clinic. Pediatr. Neurol. 32, 221–228. doi: 10.1016/j.pediatrneurol.2004.
11.002

Wechsler, D. (2002). WISC-III: Escala de Inteligência Wechsler para Crianças:
Manual. 3rd ed. São Paulo: Casa do Psicólogo.

Wechsler, D. (2004). WAIS-III: Manual para administração e avaliação. São Paulo:
Casa do Psicólogo.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Costa, de Paula, Alvim-Soares, Pereira, Malloy-Diniz, Rodrigues,
Romano-Silva and Miranda. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 7 July 2016 | Volume 10 | Article 334

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	COMT Val158Met Polymorphism Is Associated with Verbal Working Memory in Neurofibromatosis Type 1
	Introduction
	Methods And Procedures
	Participants
	Working Memory Assessment
	IQ Assessment
	School Performance Assessment
	Socioeconomic Status Assessment
	COMT Genotyping
	Statistical Procedures

	Results
	Discussion
	Author Contributions
	Funding
	Acknowledgment
	References


