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TheX-linkedMonoamineOxidase A (MAOA) genepresents awell known functional polymorphismconsisting of
a variable number of tandem repeats (VNTR) (long and short variants) previously associated with altered neural
function of the amygdala. Using automatic subcortical segmentation (Freesurfer), we investigated whether
amygdala volumecouldbe influencedby this genotype.We studied 109healthy subjects (age range 18–80 years;
59 male and 50 female), 74 carrying the MAO A High-activity allele and 35 the MAO A Low-activity allele. No
significant effect of the MAO A polymorphism or interaction effect between polymorphism×gender was found
on amygdalar volume. Thus, our findings suggest that the reported impact of the MAO A polymorphism on
amygdala function is not coupled with consistent volumetric changes in healthy subjects. Future studies are
needed to investigate whether the association between volume of the amygdala and the MAO A VNTR
polymorphism is influenced by social/psychological variables, such as impulsivity, trauma history and cigarette
smoking behaviour, not taken into account in this work.
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1. Introduction

The amygdala is a deep grey matter brain structure involved in
emotional processing and is densely innervated by serotonergic (5-
hydroxytryptamine; 5-HT) neurons (Azmitia and Gannon, 1986).
Catabolism of 5-HT is regulated by the activity of the monoamine
oxidase (MAO) enzyme, with the isoform MAO A having a much
greater affinity for the substrate than the isoform MAO B (Shih and
Chen, 1999). The MAO A coding gene (Xp11.4–Xp11.3) presents a
well-characterized functional polymorphism consisting of a variable
number of tandem repeats (VNTR) in the promoter region with
different length variants that selectively influence the protein
transcription and, hence, the enzymatic activity (Denney et al.,
1999). Enzyme expression is relatively high for carriers of 3.5 or 4
repeats (MAO A High) and is lower for carriers of 2, 3 or 5 repeats
(MAO A Low) (Sabol et al., 1988). Several studies found a significant
association between this functional genotype and personality traits
such as aggression and impulsivity (Caspi et al., 2002; Foley et al.,
2004), suggesting a deficiency in the neural systems for emotional
regulation. At the present time, the neurobiological mechanisms
underlying the effect of this polymorphism are still unclear.

Imaging genetics is a novel approach aimed to characterize the
influence of genes on individual variability in cognition andbehaviour. It
is based on the assumption that brain structure and function are more
closely related to gene function than trait differences in overt behaviour
(Mattay et al., 2008). Thus, the study of the “intermediate phenotype”
might provide a more direct measurement of the impact of a gene.

Recent imaging genetic studies investigating healthy individuals
have begun to elucidate the neurobiological mechanisms by which
heritable variation in MAO A impacts neural circuitry involved in
emotion regulation, demonstrating a clear effect on mediating
amygdala function (Meyer-Lindenberg et al., 2006; Buckholtz et al.,
2008; Alia-Klein et al., 2009). Although there is consistent evidence
that the MAO A polymorphism impacts limbic function, possible
morphological changes underlying such a functional polymorphism
remain to be clarified. In fact, there are few morphological studies
that, using voxel-based morphometry (VBM), indirectly investigated
the association of this genotype with amygdala volume, and these
studies produced contrasting findings (Meyer-Lindenberg et al., 2006;
Cerasa et al., 2008b). VBM is a morphological technique that performs
a statistical mapping of differences in brain morphology voxel-by-
voxel, which produces grey matter “density” or “concentration”
measures, or volume differences between two groups, respectively;
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however, these are relative measures and not absolute volumes
(Eckert et al., 2006; Makris et al., 2008). Alternatively, manual/
automatic volumetry is a quantitative measurement of specific brain
regions in individual brains.

For this reason, the aim of this study is to provide direct evidence of
the association between theMAOAVNTR polymorphism and amygdala
volumetry by using a relatively new fully automated segmentation
labelling algorithm (Freesurfer) (Fischl et al., 2002). This software is a
highly reliable method for automated MRI-based measurements of
human brain volumes that provides novel insights into abnormal
neuroanatomy and may be a useful tool for the investigation of brain
changes in imaging genetics studies (Monuteaux et al., 2008; Ehrlich
et al., 2010). The segmentation method provided by this software
directly subdivides the image into a series of neuroanatomically defined
structures with a priori knowledge of their individual intensity
properties, atlas location and location relative to each other.

2. Methods and materials

2.1. Subjects

From May 2007 to February 2010, 163 right-handed healthy
Caucasian individuals were recruited by local advertisements.
Inclusion criteria were age between 18 and 80 and no neuropsychi-
atric or major physical illnesses. Exclusion criteria were (1) major
medical illnesses and/or known or suspected history of alcoholism or
drug dependency and abuse; (2)mental disorders (i.e., mood, anxiety,
personality and/or any other significant mental disorders) according
to the DSM-IV criteria assessed by the Structured Clinical Interviews
for DSM-IV Axis I (SCID-I) (First et al., 1997a) and Axis II (SCID-II)
(First et al., 1997b) and/or neurological disorders diagnosed by an
accurate clinical neurological examination; (3) heterozygosis in
women. MAO A is an X-linked gene; thus, males are homozygous
carriers of either one MAO A High-activity allele or one MAO A Low-
activity allele, whereas women carry two alleles. Therefore, only
women can be heterozygous. Since the cellular mechanisms
concerning enzymatic activity in heterozygous females are not
currently known (Meyer-Lindenberg et al., 2006), we included only
homozygotic females; (4) presence of vascular brain lesions, brain
tumour and/or marked cortical and/or subcortical atrophy (such as
hippocampus, Labate et al., 2010) on MRI scan. In fact, two expert
radiologists examined all MRIs to exclude potential brain abnormal-
ities as apparent in conventional FLAIR and T2-weighted and T1-
weighted images; and (5) presence of dementia. We included only
subjects with a Mini Mental State Examination (MMSE; Folstein et al.,
1975) score of at least 24 points (a cutoff point for dementia screening
in the Italian population according toMeasso et al., 1993) or if they did
not present a dementia diagnosis according to DSM-IV criteria.

After a careful evaluationof these exclusion criteria, 54 subjectswere
excluded from the study. The 109 subjects (mean±S.D. age=41.5±
15.3, 59 male, 50 female subjects) included were classified on the basis
of the High-activity (n=74; 3.5 or 4 repeats) and the Low-activity
(n=35; 2, 3 or 5 repeats) allelic variants of the MAO A VNTR
polymorphism. The male populations had taken part in our previous
imaging genetics study (Cerasa et al., 2010). Written, informed consent
was obtained from all subjects participating in the study, which was
approved by the local ethics committee at Santa Lucia Foundation of
Rome, in accordance with the guidelines of the Helsinki Declaration
(1983).

2.2. Genotyping

DNA was extracted from blood samples obtained from all subjects
according to standard procedures. Genotyping for the MAO A VNTR
polymorphism was performed as described previously (Furlong et al.,
1999; Passamonti et al., 2006; Passamonti et al., 2008; Cerasa et al.,
2008a,b; Cerasa et al., 2010). Briefly, the VNTR promoter MAO A
polymorphism was amplified from genomic DNA using primers
designed by the Web Primer site (http://www.seq.yeastgenome.org/
cgi-bin/web-primer) that flanked the polymorphic region located
approximately 1200 bp upstream from the translation start site
(Furlong et al., 1999) (GeneBank accession number AJ004833).
Sequences of the primers are as follows: MAO A forward: 5′-
CCAGAAACATGAGCACAAACG-3′, and MAO A reverse: 5′-ATTCGGA
CAGGCTGTAGGAG-3′. The forward primer was labelled with FAM
fluorophore. Polymerase chain reaction (PCR) was carried out in a final
volume of 25 μl including 200 ng of genomic DNA, 12 pmol of each
primer, 200 μM of dNTPs, 1.5 mM of MgCl2 and 1 U of Taq DNA
polymerase (Promega, Madison, WI, USA). Cycling conditions started
with an initial denaturation at 94 ° C for 3 min, followed by 30 s at 94 ° C,
45 s at 58 °Cand60 s at 72 °C for 30 cycles,withafinal extensionat 72 ° C
for 4 min. The PCR products were mixed with 1.5 μl of formamide, 0.5 μl
of loading buffer, 0.5 μl of fluorescently labelled size standardGENESCAN
350-TAMRA and then electrophoresed for 150 min in the ABI automated
DNA sequencer 377 (Applied Biosystem, Foster City, CA). Data were
collected and analysed using the ABI GENESCAN 672 software (Applied
Biosystem, Foster City, CA).

2.3. MRI sequence and analysis

Each of the 109 participants underwent the same imaging protocol
with a whole-brain T1-weighted scan using a 3 T Allegra MR imager
(Siemens, Erlangen, Germany) with a standard quadrature head coil.
Whole-brain T1-weighted images were obtained in the sagittal plane
using a modified driven equilibrium Fourier transform (MDEFT)
(Deichmann et al., 2004) sequence (TE/TR=2.4/7.92 ms, flip angle
15°, voxel-size 1×1×1 mm3). Subcortical volume analysis was mea-
sured automatically with FreeSurfer 4.05 installed on a Red Hat
Enterprise Linux v.5. The automated procedures for volumetric
measures of these several subcortical regions have been previously
described (Fischl et al., 2002). This procedure automatically provided
segments and labels for up to 40 unique structures and assigned a
neuroanatomical label to each voxel in an MRI volume based on
probabilistic information estimated automatically from a manually
labelled training set. Briefly, the segmentation is performed as follows:
an optimal linear transform is computed that maximizes the likelihood
of the input image, given an atlas constructed from manually labelled
images. A nonlinear transform is then initializedwith the linear one, and
the image is allowed to further deform to bettermatch the atlas. Finally,
a Bayesian segmentation procedure is performed, and the maximum a
posteriori estimate of the labelling is computed. The segmentation uses
three pieces of information to disambiguate labels: 1) the prior
probability of a given tissue class occurring at a specific atlas location,
2) the likelihood of the image given that tissue class and 3) the
probability of the local spatial configuration of labels given the tissue
class. This latter term represents a large number of constraints on the
space of allowable segmentations and prohibits label configurations
that never occur in the training set (e.g., the hippocampus is never
anterior to the amygdala). This approach provides advantages similar to
manual region-of-interest (ROI) drawing (Morey et al., 2009; Jovicich et
al., 2009), without the potential for rater bias, offering an anatomically
accurate rendering of regional volumes (Fischl et al., 2002). The entire
cortex in each individual subjectwas visually inspected prior to analysis
and, if needed, manually edited. These processes involved: a)
realignment of each subject's image to the MNI template; b) setting
intensity normalization control points where brain matter was
erroneously skull stripped; c) adjustment watershed parameters of
the skull strip and d) visual inspection and correction of the automatic
subcortical segmentation. All subjects were inspected by a neuroradi-
ologistwith a high level of neuroanatomical expertise, whowas blinded
to the MRI results. Five subjects (two excluded for dementia and three
excluded for brain lesions) had MRIs of inferior quality, not suitable for
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Table 1
Sociodemographical and amygdala volumetric characteristics of 109 healthy Caucasian subjects carrying different MAO A VNTR genotypes.

Demographic data Male MAO A
high-activity

Female MAO A
high-activity

Male MAO A
low-activity

Female MAO A
low-activity

Allele F
(p)

Gender F
(p)

Allele by gender F
(p)

No. 36 38 23 12
Age (years) 37.8±13.9 41.5±16.1 41.9±16.7 43.5±19.4 0.37a 0.46a 0.76a

Educational level (years) 13 (8–19) 16 (8–24) 13 (11–21) 13 (5–21) 0.94b 0.93b 0.17b

MMSE 29.7±0.5 29.2±1.2 28.9±1.2 29±1.5 0.1a 0.29a 0.27a

ICV 1475.5±127 1317.5±122.4 1506±96.5 1263.1±97.4 0.64a b 0.001a 0.11a

Left amygdala (cm3) 1.367±0.22 1.233±0.17 1.413±0.19 1.153±0.15 0.84c 0.05c 0.26c

Right amygdala (cm3) 1.555±0.24 1.345±0.22 1.497±0.22 1.253±0.19 0.16c 0.08c 0.88c

Data are given as mean values (S.D.) or median values (range) when appropriate. MMSE, Mini Mental State Examination; ICV, intracranial volume.
a ANOVA.
b Mann–Whitney test.
c ANCOVA corrected for ICV and age.
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reliable tissue segmentationwith Freesurfer even aftermanual editing of
cortical surface and subcortical regions. Intracranial volume (ICV) was
calculated and used to correct the regional brain volumes analyses
(Buckner et al., 2004). ICV includes biologicalmaterial such asmeninges
and cerebrospinal fluid in addition to brain tissue.

To confirm the validity of our data, we performed a further analysis
characterizing well-defined volumetric changes in human healthy
brain. In particular, we investigated volumetry in subcortical regions
in association with aging to confirm the expected linear relationship
(Walhovd et al., 2005; Cherubini et al., 2009) (see Supplemental
Materials).

2.4. Statistical analysis

Statistical analyses were performed with Statistical Package for
Social Sciences software-SPSS (version 12.0, Chicago IL, USA).
Estimation of the statistical power has been performed. For this
calculation, we include the pooled mean and S.D. of amygdala volume
for each genotype group, together with sample size. For all sample
size estimates, a significance level of 0.01 was assumed. Power
calculation (http://www.dssresearch.com/toolkit/spcalc/power_a2.
asp) revealed that the sample size was sufficient to reach a statistical
power of 96.1% (4.1% risk of type II errors) at a significance level of
αb0.01. Moreover, the Cohen's d (Cohen, 1998) was calculated as a
measure of the effect sizes, which indicates the magnitude of mean
differences (using the estimated marginal means) in S.D. units.

Assumptions for normalitywere tested for all continuous cognitive
and demographic variables. Normality was tested using the Kolmo-
gorov–Smirnov test. All variables were normally distributed, except
for the number of years of formal education (K–S=0.2, pb0.05).
Analysis of variance, Mann–Whitney U-test (educational level) and χ2
Fig. 1. Sample colour-coded subcortical segmentation results. 3D surface models created
segmentation of the amygdala (turquoise). No significant volumetric differences and no sign
MAO A VNTR genotype. Mean values (±S.D.) of bilateral amygdalae volume as a function of g
(genotype distributions) were used to assess potential differences
between the genotype groups for all demographic variables. To assess
both the main effects of allelic variants (High or Low activity) and
gender (male versus female) and the interactive effects between these
factors on amygdala volume, we used analysis of covariance
(ANCOVA) with ICV and age as nuisance variables. All statistical
analyses had a 2-tailed α level of less than 0.01 for defining
significance.

3. Results

Sociodemographic and global cognitive level variables were well
matched between groups. ICV differed significantly between males
and females, which did not influence the analyses because this was
addressed by adding ICV as a covariate in the analyses. The genotype
distribution in our samples was in Hardy–Weinberg equilibrium
(χ2=0.17; p=0.98).

No allele (respectively, right side: F1, 103=1.96, p=0.16; Cohen's
d=0.40; left side: F1, 103=0.037, p=0.84; Cohen's d=0.006) or
allele×gender interactive effects (respectively, right side: F1, 103=0.02,
p=0.88; Cohen's d=0.001; left side: F1, 103=1.27, p=0.26; Cohen's
d=0.26) were found in volumetric data (see Table 1 and Fig. 1),
whereas the main effect of gender was at the borderline of significance
in both amygdalae (respectively, right side: F1, 103=3.33, p=0.079;
Cohen's d=0.67; left side: F1, 103=4.18, p=0.049; Cohen's d=0.82).

Given the slight effect of gender on amygdalae volume, we
reanalyzed the data using gender as a covariate. No significant
changes were detected in the bilateral amygdalae as a function of
MAO A polymorphism (respectively, right side: F1, 104=2.16,
p=0.14; Cohen's d=0.44; left side: F1, 104=0.02, p=0.95; Cohen's
d=0.004).
with 3D Slicer v.3 (http://www.slicer.org) are derived from the Freesurfer subcortical
ificant group by gender interactions were detected in the amygdala as a function of the
enotype and gender have been plotted on the right side. MAO A, monoamine oxidase A.
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4. Discussion

Our study demonstrates that the MAO A VNTR polymorphism is
not associated with amygdala volumetric changes in a large sample of
healthy individuals.

In animals, from a physiological point of view, MAO A enzymatic
activity is particularly relevant to amygdala functions (Lesch and
Merschdorf, 2000). Furthermore, the sex hormone receptors are
prominently expressed in the amygdala and able to influence
monoamine metabolism by regulating MAO A mRNA expression
(Gundlah et al., 2002). Mouse knockouts for MAO A show enhanced
amygdala-dependent emotional learning (Kim et al., 1997), and male
mice exhibit dramatically increased aggressive behaviour (Cases et al.,
1995). In humans, there are studies using functional MRI that confirm
that genetic variants in the serotonergic system impact amygdala
response. In particular, carriers of theMAO A Low-activity allele exhibit
increased neurofunctional activity of the amygdala during emotional
processing (Meyer-Lindenberg et al., 2006; Buckholtz et al., 2008; Alia-
Klein et al., 2009) in comparison with their respective High-activity
counterparts. Our structural findings suggest that the well-defined
influence of the MAO A genetic variant on amygdala function is not
mirrored by macrostructural anatomical changes.

Our data pose important new questions about the neurobiological
impact of the MAO A polymorphism on the human brain. Generally,
this genotype has a profound impact on both neuroanatomy and
functional activity of two specific brain regions, critically involved in
emotional processing and aggressive behaviour: the orbitofrontal
cortex (Meyer-Lindenberg et al., 2006; Passamonti et al., 2006;
Passamonti et al., 2008; Buckholtz et al., 2008; Cerasa et al., 2008a,b)
and the cingulate cortex (Meyer-Lindenberg et al., 2006; Passamonti
et al., 2008). By contrast, this combined neuroanatomical/functional
impact of the MAO A VNTR polymorphism is not evident in the
amygdala. Thus, it is possible to hypothesize the presence of further
neurobiological effects as a function of this genotype. In fact, while the
altered neurofunctional responses in the orbitofrontal and cingulate
cortices were reported as a single event (carriers of the MAO A High-
activity allele showed higher activity with respect to Low-activity
counterparts), the detected functional change in the amygdala has
been reported as an altered functional connectivity between this
region with other limbic regions (such as the orbitofrontal cortex,
Buckholtz et al., 2008). Thus, it could be more likely that anatomical
volumewould not be a useful intermediate phenotype in determining
the effect of the MAO A genotype on the amygdala. Different MRI
parameters, such as microstructural changes measured by diffusion
tensor Imaging or structural brain connectivity should be investigated
for this purpose (Marenco and Radulescu, 2010).

Another important finding of our study is that the impact of the
MAO A VNTR polymorphism on amygdala volume is not influenced by
gender. MAO A is an X-chromosomal gene; it is possible that gene
dosage differences between men and women due to incomplete X
inactivation could underlie the predominant effect on males. However,
our data are completely in agreement with a previous study showing
that the effect of the MAO A genotype on several parameters of neural
activation and structure was very similar in both genders, suggesting
that different gene dosages are unlikely to be the single underlying
cause (Meyer-Lindenberg et al., 2006; Buckholtz et al., 2008).

Three important caveats of this study need to be discussed. The
automated procedure employed in this study (Freesurfer) has
limitations. In fact, given the inherent limitations of any fully
automated segmentation software, cortical and subcortical labelling
may be influenced by several factors, such as section thickness, MRI
noise level, field strength, MRI signal intensities in elderly subjects
and anatomic boundary criteria. However, recent methodological
studies (Morey et al., 2009; Jovicich et al., 2009) have demonstrated
that Freesurfer can be considered an acceptable substitute for manual
tracing of automatically quantified amygdala volume, although a
large cohort of subjects is warranted. Second, the lack of a significant
association between amygdala volume and MAO A VNTR polymor-
phism could be influenced by further social/psychological variables
not taken into consideration in this work, such as impulsivity (Soloff
et al., 2008), social disadvantage experiences such as trauma or abuse
history (Caspi et al. 2002, Kim-Cohen et al. 2006) or cigarette
smoking behaviour (Caporaso et al., 2009) that could ultimately
interact with MAO A functioning. In particular, the association
between variants in MAO gene region and cigarette smoking
behaviour is notable because of the role of the monoamine oxidases
in the regulation of catecholamines and the inhibition ofMAOA and B
by tobacco smoke (Fowler et al., 2003). There is substantial evidence
that smoking results in reduced levels of the MAO enzymes (Fowler
et al., 2003) and subsequent reduced catabolism of dopamine likely
contributes to the reinforcing and motivating effects of smoking.
Thus the effect of this variable on the reported morphological
endophenotype needs to be investigated. Finally, in this study we did
not consider the epistatic effects of additional genetic variants that
have been demonstrated to affect amygdala volume, such as the 5-
hydroxytryptamine 1A (5-HT1A) receptor gene C-1019G polymor-
phism (Zetzsche et al. 2008) and the catechol-O-methyltransferase
(COMT) gene Val108Met polymorphism (Ehrlich et al., 2010).

Our data are discrepant to a previous imaging genetics study,
which reported significant association between MAO A polymor-
phism and amygdala grey matter concentration (Meyer-Lindenberg
et al., 2006). Different results might depend upon the different MRI
volumetric approach employed by Meyer-Lindenberg et al. (2006)
(VBM), although in an our previous VBM study using an underpow-
ered samplewe did not detect significant association betweenMAOA
and amygdala concentration (Cerasa et al., 2008b). Generally, VBM
and volumetric studies often are not directly comparable. For
instance, areas that show significant age effects using VBM are
unlikely to correspond exactly to regions of interest investigated in a
volumetric study (Tisserand et al., 2002; Allen et al., 2005). VBM is a
classical MRI statistical method where the local amount of brain
tissue is simply measured as the intensity within each voxel and can
be influenced by several methodological issues such as degree of
smoothing, differences in registration, choice of normalization
template and modulation step (Ashburner and Friston, 2001; Eckert
et al., 2006). On the other hand, manual/automatic volumetry is a
quantitative research tool that captures a real physical quantity that
could not reach the specificity of small changes (voxel-level).
Another possible explanation for the contrasting results between
our study and those of Meyer-Lindenberg et al. (2006) may have
been due to the different age compositions of the subject popula-
tions. In fact, in our study we investigated healthy subjects with a
wide age range (18–80 years), whereas Meyer-Lindenberg et al.
(2006) investigated younger individuals. As widely recognized,
normal aging is accompanied by global as well as regional structural
changes (Walhovd et al., 2005; Allen et al., 2005) that, ultimately,
might explain discrepancies with respect to findings provided by
Meyer-Lindenberg et al. (2006).
5. Conclusions

In summary, this imaging genetics study demonstrated that there
are no allele or allele×gender interaction effects on amygdala volume
in healthy Caucasian humans, thus suggesting that the MAO A VNTR
polymorphism has a limited effect focused on the amygdala function
(Meyer-Lindenberg et al., 2006; Buckholtz et al., 2008; Alia-Klein et
al., 2009). The sample size employed in this study had 96.1% power to
detect significant difference in amygdala volume between the
genotype groups (assuming alpha=0.01). Further studies should
use different structural MRI parameters to investigate a possible
association between amygdala anatomy and MAO A polymorphism.
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