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Objective: Neurofibromatosis type 1 (NF1) is a common single genetic disorder. A rarely
investigated source of phenotypic variance in NF1 is the genetic modifiers. In this study,
we tested whether the Val66Met Brain-Derived Neurotrophic Factor polymorphism
(BDNF) was associated with three memory aspects in a small NF1 sample: Working
Memory, Visuospatial Memory, and Auditory-Verbal Memory. Method: Thirty-four NF1
participants performed the Digit-Span Task, the Corsi Block-Tapping Task, the Rey
Auditory-Verbal Learning Test, and the Rey—Osterrieth complex figure from which the
distinct memory aspects were extracted through factorial analysis. Results: We found a
specific pattern of association between the Valo6Met BDNF polymorphism and visuo-
spatial memory in NF1 individuals. Met carriers showed worse performance in visuospa-
tial memory, but not verbal or working memory. Conclusion: The hypothesis of genetic
modifiers as a potential source of variability in the NF1 phenotype seems plausible and is

supported by growing evidence regarding several domains, including cognition.

Public Significance Statement

NF1 is a rare genetic disorder associated with cognitive deficits. In this study, we
investigate impairments in memory. The BDNF alleles might modulate the memory of
an individual with NF1. Memory content related to visual and spatial information is
associated with the BDNF gene in patients with NF1.
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Neurofibromatosis type 1 (NF1) is a common
single-gene disorder (incidence ~ 1/3,000) associ-
ated with cognitive impairments, learning disabil-
ities, and behavioral problems (Friedman, 1999;
North, 2000; Pasmant et al., 2012; Shilyansky
et al., 2010). Despite a known molecular basis,
the NF1 phenotype is markedly heterogeneous and
unpredictable, a feature hardly explained by the
NFI gene alone (Pasmant et al., 2012; Shilyansky
et al., 2010). Cognitive impairment in NF1 is a
major concern for patients and clinicians, likely
associated with academic underachievement and
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behavioral symptoms with lifetime consequences
(North, 2000). Up to 80% of NF1 patients will
present mild to severe cognitive problems in at least
one cognitive function (Hachon et al., 2011;
Lehtonen et al., 2013). However, failure in pre-
dicting individual differences among NF1 patients
may represent one of the major barriers in design-
ing successful therapeutic strategies (Schwetye &
Gutmann, 2014).

Brain structural alterations were the main inves-
tigated feature in the search for the pathophysiol-
ogy of the NF1 cognitive impairments in humans
(Duarte et al., 2014). As a group, NF1 individuals
show increased total brain volume and specific
abnormalities in structures such as the corpus
callosum. Compared with typically developing
individuals, subtle differences were also found in
the hippocampus, basal ganglia, thalamus, and
visual cortex, especially regarding gray matter
relative volume (Duarte et al., 2014), although
there is heterogeneity in these results (Duarte
et al., 2014).

Endogenous factors play a crucial role in indi-
vidual differences in human development (Belsky
& Pluess, 2009). For NF1, genetic modifiers were
pointed out as a potential influence explaining such
a variable phenotype in this monogenetic disorder
(Carey & Viskochil, 1999; Pasmant et al., 2012;
Shilyansky et al., 2010). Genetic modifiers
unlinked to the NFigene loc greatly contribute
to NF1 phenotypic variation in the number of
cutaneous neurofibromas and café-au-lait macules,
for example (e.g., Bahuau et al., 2001; Titze et al.,
2010; MuBotter et al., 2012; Pemov et al., 2014).
The hypothesis of common genetic variations
influencing individual differences in NF1 also
extends to cognition, but only one study was
conducted in this population so far. Recently,
our group found an association between the
COMT gene (rs4680) and verbal working memory
in an NF1 sample (Costa et al., 2014). Human
cognition is a complex trait influenced by common
genetic variants with many genes pruning to small
effect sizes (Manolio et al., 2009). Along with the
COMT gene, the BDNF gene has been widely
studied and might be one of the most promising
genes involved in the molecular genetics of cogni-
tion (Savitz et al., 20006).

The BDNF gene is located at 11pl4.1 and
encodes the brain-derived neurotrophic factor
(BDNF), which regulates synaptic plasticity
and brain connectivity due to its role in prolifera-
tion, differentiation, and the fate of neuronal cells

(Houlihan et al., 2009). Despite its potential
influence across several functions, the BDNF
influences hippocampal functioning and memory
(Lauet al., 2010, ref). Studies with the Val66Met
variant of the BDNF gene (rs6265) suggested that
individuals carrying the Met allele (with one or
more copies) show decreased cognitive perfor-
mance (Dincheva et al., 2012; Kambeitz et al.,
2012). The expression of the Met allele results in a
lower activity-dependent secretion of BDNF and
abnormalities in the intracellular BDNF traffick-
ing (Egan et al., 2003). In this study, we tested
whether the Val66Met BDNF polymorphism was
associated with memory performance in NF1
patients. Memory is composed of multiple sys-
tems, and all of them are required for everyday
problem-solving functional adaptation, and ade-
quate performance in activities of daily living (de
Paula et al., 2015; Gold, 2012; Squire, 2004).

In the NF1 population, deficits in working
memory are common and usually severe, while
impairments in long-term memory systems such
as memory are less frequent and heterogeneous
(Bawden et al., 1996; Hachon et al., 2011;
Hyman et al., 2005; Krab et al., 2008). In turn,
the influence of the Valo6Met BDNF polymor-
phism on long-term memory is less controversial
in the literature compared to the BDNF influence
on working memory (Chen et al., 2015; Montag
et al., 2014). Therefore, we expected to observe
higher differences between the genotype groups
in memory compared to working memory.

Method

Participants

As stated before, NF1 prevalence is about 1 in
3000, which reduces the access to this clinical
population, limiting the sample sizes for most of
the studies. In a specialized clinic in Neurofibro-
matosis a convenience sample of 33 NF1 patients
was enrolled in this study. They were invited to
participate in broader research approved by the
local ethics committee about the molecular me-
chanisms of this disease. All participants and their
parents (in the case of children and adolescents)
gave written consent for participation.

Participants had amean age 0of 22.0 = 11.4 years
(ranging 6-50 years) and a mean formal education
of 7.9 £3.6 (ranging 1-15 years. IQ average,
measured by the Wechsler Intelligence Scale III
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(WISC-III or WAIS-III), was 93.7 + 14.0 (ranging
63—121). There were more males (N = 18, 54%)
than female (N = 15, 46%) participants.

Memory Assessment and Neuropsychological
Data Modeling

For the assessment of working memory, we
used the Digit-Span Task and the Corsi Block-
Tapping Task (Kessels et al., 2008). These are
simple span tasks in which the participant must
repeat a series of numbers (Digit Span) or move-
ments in a wooden board (Corsi Block-Tapping
Task) of increasing difficulty. We measured both
the forward span (which is more related to the
phonological loop/visuospatial sketchpad work-
ing memory) and the backward span (which is
linked to the central executive system of working
memory). We used the total of correct trials as a
measure of working memory performance on each
task. Higher scores are representative of better
performance.

The assessment of memory retrieval was
performed using the Brazilian version of the
Rey Auditory-Verbal Learning Test (RAVLT;
Malloy-Diniz et al., 2007) and the Rey-
Osterrieth complex figure test (ROCF; Rey,
1941; Shin et al., 2006). These are traditional
measures of memory and evaluate both verbal
(RAVLT) and visuospatial (ROCF) aspects of
memory retrieval. To better match the two tasks,
we used the immediate and delayed recall trials
from both tasks. Scores in the RAVLT range
from O to 15 in each recall trial and O to 36 in
the ROCF.

Impairment in each neuropsychological test
was defined when performance was below per-
centile five according to normative data. We
adopted a principal component analysis for
neuropsychological data modeling. All the eight
neuropsychological measures (Digit Span For-
ward, Digit Span Backward, Corsi Span Forward,
Corsi Span Backward, RAVLT Immediate
Recall, RAVLT Delayed Recall, ROCF Immedi-
ate Recall, and ROCF Delayed Recall) underwent
the procedure, in which we adopted an oblique
rotation method (direct oblimin) to reduce the
number of measures. Component extraction cri-
teria were Eigenvalues larger than 1 and scree plot
analysis.

The procedure generated three components,
which accounted for 75% of the model variance.

One variable showed factor loads above 0.4 in two
components (Corsi Span Forward), so we allocated
this variable where it shows the higher factor load.
Component one answered for 36% of the model
variance and was formed by RAVLT delayed recall
(factor load 0.963), RAVLT immediate recall (fac-
tor load 0.960), and digit span backward (factor
load 0.461), thus named verbal memory. Compo-
nent two answered for 25% of the model variance
and was formed Rey Complex Figure immediate
recall (factor load —0.936), Rey Complex Figure
delayed recall (factor load —0.928) and by Corsi
Span Forward (factor load —0.521) thus named
visuospatial memory. Component three answered
for 15% of model variance contained the working
memory measures, Digit Span Backward (factor
load 0.937), and Corsi Span Backward (factor load
0.673). The components were extracted by the
Anderson-Rubin method of SPSS 20.0 and used
in the following procedures.

BDNF Genotyping

Genomic DNA was extracted from blood sam-
ples using the high salt method (Lahiri &
Nurnberger, 1991). The BDNF functional poly-
morphism (val66met, rs6265) was purchased in a
made-to-order from Applied Biosystems®. Gen-
otyping was performed using a real-time PCR sys-
tem in the allelic discrimination mode (Stratagene
Mx3005—MxPro QPCR Software, 2007) using the
TagMan Genotyping Master Mix (Applied Biosys-
tems, Foster City, CA). 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 pl of Mix, 0.1 pl of the
probe, 3.4 plof deionized water, and 1.0 pl of DNA.
These procedures were detailed in a previous study
(Figueira et al.,, 2010). Researchers involved in
genotyping were blind to the neuropsychological
results, and researchers participating in the neuro-
psychological assessments were blind to the geno-
typing results. BDNF genotype was coded as a
categorical variable: Val/Val (n = 20), and Val/
Met+Met/Met (n = 13) for further analysis.

Statistical Procedures

Neuropsychological data (IQ, Working Mem-
ory, Visuospatial Memory, and Auditory-Verbal
Memory) and age were normally distributed ac-
cording to Shapiro—Wilk tests and histogram anal-
ysis. Comparisons between the groups regarding
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Table 1

Participants’ Description of Demographic and Cognitive Measures

Val/Val Val/Met + Met/Met
(n =20) (n=13) —
Measure Mean SD Mean SD % Impaired”

Age 21.45 12.42 22.38 10.41 —
Education 7.65 3.92 8.08 2.96 —
1Q 93.30 12.91 93.54 16.24 11%
Digit span forward 6.40 1.90 6.38 1.66 0%
Digit span backward 3.60 1.43 4.00 1.63 3%
Corsi span forward 6.60 241 6.08 2.29 32%
Corsi span backward 4.15 2.37 3.92 1.89 56%
ROCF (IR) 16.18 6.96 11.46 6.85 38%
ROCF (DR) 15.78 7.56 11.92 6.13 35%
RAVLT (IR) 6.60 241 6.08 2.29 18%
RAVLT (DR) 4.15 2.37 3.92 1.89 26%

BDNF: Brain-Derived Neurotrophic Factor, IR: Immediate Recall, ROCF: Rey—Osterrieth Complex Figure test, RAVLT:
Rey Auditory-Verbal Learning Test, 1Q: Intelligence Quotient. N: sample size, M: mean, SD: standard deviation, Min:

minimum, Max: maximum.
# 1.5 SD below the expected age-corrected normative data.

sociodemographic measures were performed by
chi-square tests or independent samples r-tests.
We adopted a multivariate analysis of variance
to test the association between BDNF and memory.
The three memory variables were entered as depen-
dent variables, BDNF and sex as fixed factors, and
age, formal education, and IQ as covariates. These
procedures were performed in SPSS 22.0.

Results

Participants’ description is shown in Table 1.
Sociodemographic characteristics and overall cog-
nitive performance were very heterogeneous in our
sample, a pattern usually observed in NF1. We
found no significant differences between Val/Val
and Val/Met+Met/Met participants regarding sex
(50% female, 46% female, ¥~ = 0.01 p = .394),
Age (2145 + 1242 x22.38 + 1041, t = -0.15,
p = .880), Education (7.65 + 3.92 x 8.08 + 2.96,
t=-0.17, p=.864) or IQ (93.30 = 1291 X
93.54 £ 16.24, t = 0.06, p = .950).

Table 2 shows the results of a multivariate analy-
sis of variance. For working memory, we found
significant main effects of IQ (p < .001,1,> = 0.43)
and formal education (p = .024, np2 = (0.16), butno
significant effects of age (p = .940), sex (p = .883)
or BDNF (p = .163). For the auditory-verbal mem-
ory, we found the main effect of IQ (p = .050,
My = 0.13), but not Education (p = .156), BDNF

genotype (0.888), age (p = .940) and sex (p =
.506) were not significant. The visuospatial memory
showed a different pattern of association with main
effects for education (p = .018, np2 =0.18) and a
significant effect of the BDNF genotype on memory
performance (p = .028, np2 = 0.16), albeit no sig-
nificant effect of age (p = .878), sex (p = .505) or
1Q (p = .642).

The effect of the BDNF genotype on the visuo-
spatial memory can be considered large according to

Table 2

Main Effects of Age, 1Q, Education and BDNF Geno-
type on Different Aspects of Memory, Assessed by a
Multivariate Analysis of Variance Model

Component Factor/covariate p Mp

Working Memory 1Q <.001 0.43
Education .024 0.16
BDNF group 163 —
Age 940 —
Sex .883 —

Verbal 1Q .050 0.13
Education 156 —
BDNF group .888 —
Age 940 —
Sex .506

Visuospatial 1Q .642 —
Education .018 0.18
BDNF group .028 0.16
Age .878 —
Sex .505 —

BDNF: Brain-Derived Neurotrophic Factor.
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Figure 1

Estimated Marginal Means Controlled by Sociodemographic Factors and 1Q for Each Memory Component
(Z-Score) According to BDNF Genotypes. Higher Scores Indicated Better Performance
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Verbal memory

most statistic guidelines. A post hoc comparison
(Figure 1) between the estimated marginal means
(EMM) in the visuospatial memory component
between the Val/Val (EMM = 0.27, SE = 0.19)
and Val/Met+Met/Met (EMM = —-043, SE =
0.24) groups was significant (p = .032).

Discussion

This study investigated the association
between the Val66Met BDNF polymorphism
and performance in three memory components
extracted from a factorial analysis (verbal, visuo-
spatial, and working memory) in a small sample
of NF1 individuals. The BDNF gene main effect
was observed only on the Visuospatial Memory
component, which was formed by the immediate
and delayed recalls of the Rey—Osterrieth com-
plex figure test and the Corsi Block-Tapping test
(forward). Met carriers showed reduced perfor-
mance in this function. The BDNF gene effect on

Visuospatial memory

Val/Met +
Met/Met

Val/val Val/Met +

Met/Met

Working memory

visuospatial memory was significant after con-
trolling for sociodemographic and IQ data.

The Val66Met BDNF polymorphism has been
more consistently associated with performance in
memory tests, but its relation to working memory
seems controversial (Chen et al., 2015; Egan
et al.,2003). On the other hand, recently we found
an effect of the Val158Met COMT polymorphism,
a gene influencing dopamine-mediated functions,
on the NF1 capacity of mental manipulation of
information in working memory (Costa et al.,
2014). These results suggest a potentially major
role of the BDNF on long-term memory systems
rather than on short-term memory systems.

Noteworthy, only the visuospatial memory was
influenced by the BDNF genotype in this study. The
Rey-Osterrieth complex figure test differs from the
Rey Auditory-Verbal Learning Test in content
(visuospatial vs. verbal) and structure (recall vs.
learning and recall). In the Rey complex figure, the
subject has only one trial for stimuli memorization
(copy trial), a structure different from the RAVLT,
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where the subject is exposed to information in five
learning trials. Clinical data suggest that, although
difficult in the early stages of learning is common in
NF1 patients, they can benefit from multiples pre-
sentations, repetitions, focused training, and appli-
cation of other cognitive resources in the learning
process (Hyman et al., 2005).

Additionally, deficits in visuospatial proces-
sing are the most common and consistent finding
in NF1 (Lehtonen et al., 2013), which may
heighten individual differences in the recollection
of material requiring visuospatial interpretation
(Lewin et al., 2001). Impairment in visuospatial
memory was previously reported in NF1 (van der
Vaart et al., 2016).

BDNF is recognized as an important molecule
for the induction of long-term potentiation (LTP)
in the hippocampus, one of the major cellular
mechanisms underlying memory formation and
persistence (Bekinschtein et al., 2007; Bliss &
Collingridge, 1993). Studies using animal models
of NF1 have shown an association between
impaired spatial learning (hippocampal-based
learning) and abnormalities in LTP which seems
to occur in both early-phase (immediate learning)
and long-term (long-term memory formation) LTP
maintenance (Costa et al., 2002; Guilding et al.,
2007;Hoet al.,2007; Silvaet al., 1997). Moreover,
Duarte et al. (2014) suggest that structural hippo-
campal abnormality in NF1 patients’ may be asso-
ciated with difficulties in visual and spatial learning
and memory function. Future studies are needed to
investigate whether a higher visuospatial memory
inefficiency in NF1 BDNF Met carriers is due to an
additive hippocampal pathology (Bueller et al.,
2006; Egan et al., 2003, Molendijk et al., 2012).

As a secondary result, we found a significant
effect of formal education in the performance of the
Rey-Osterrieth complex figure immediate and de-
layed recall. This is a conflicting result according to
several studies, as reviewed by Strauss et al. (2000).
If participants have at least secondary level educa-
tion the effect seems negligible or fully accounted
for by IQ (Boone et al., 1993). However, in people
with low formal education this effect is significant
and a major confounding for test interpretation, as in
most drawing tasks, due to unfamiliarity with the
pen-paper/drawing interface ( de Paulaet al., 2013;
Rosselli & Ardila, 2003). Since our sample has a
relatively low formal education we believe this may
have contributed to the significant association.

The number of participants included in this study
is one of its main limitations. We were only able to

detect large differences between the groups. Studies
using a candidate gene approach are often limited by
sample power since complex traits are likely to be
influenced by a plethora of genes with small effects
(Mandelman & Grigorenko, 2012; Manolio et al.,
2009). The candidate gene approach may be par-
ticularly daunting in the study of complex pheno-
types of rare conditions such as NF1. However, it is
at least intriguing the fact that we found a large
difference in visuospatial memory depending on the
BDNF genotype in this small sample of NF1 parti-
cipants. NFI gene alteration brings this cascade of
brain abnormalities that might change the strength
of normal genetic variations, exacerbating its ef-
fects. Future studies comparing the effects of single-
nucleotide polymorphisms on complex traits in
different populations as opposed to the NF1 popu-
lation have the potential to investigate a moderator
role of the NF/ gene on normal genetic variation
influencing cognition. Additionally, some of the
possible sources of variation in BDNF studies such
as age and education (Hashimoto et al., 2016) were
only statistically controlled in the present study.

Conclusion

We found a specific pattern of association
between the Valo6Met BDNF' polymorphism and
visuospatial memory in NF1 individuals. Met car-
riers showed worse performance in visuospatial
memory but not in auditory-verbal memory or
working memory. The hypothesis of genetic modi-
fiers as potential influences of the NF1 variable
phenotype seems plausible with evidence growing
regarding several features such as cognition.
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