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Abstract

Background: 47,XYY syndrome (XYY) is a male sex chromosome disorder where subjects
have one X chromosome and two copies of the Y chromosome. XYY is associated with a physical
phenotype and carries increased risk of neurodevelopmental disorders such as autism spectrum
disorder (ASD). Imbalance of excitation and inhibition has been proposed as a putative biological
basis of disorders such as ASD [1-3] and several studies have reported atypical brain GABA levels
in this population. Given the male preponderance in prevalence of ASD, the unique presence of the
Y chromosome in males leads to the intriguing possibility of investigating boys with XYY
syndrome as a model of excess Y chromosome genes.

Method: In this study, we investigated the associations of genotype and clinical phenotype with
levels of GABA, estimated by regionally localized edited magnetic resonance spectroscopy in
boys with 47, XYY syndrome compared to age matched typically developing (XY) peers.

Results: Overall, we observed a decrease in GABA levels in XYY vs XY, which appeared more
significant in the left compared to the right hemisphere. There was no additional significant
modulation of GABA levels in XYY according to presence/absence of ASD diagnosis.
Interestingly, a positive correlation between bilateral GABA levels and testosterone levels was
observed in pubescent XY boys that was not observed in XYY.

Conclusion: The inhibitory neurotransmitter GABA appears to be reduced in boys with
47,XYY, especially in the left hemisphere. Further the typical association between GABA and
testosterone levels, observed in older typically developing control boys was not evident in boys
with 47, XYY.
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Introduction:

Although boys typically possess a single X and a single Y sex chromosome, approximately
1 in 1000 have an additional Y chromosome, and are described as having 47, XYY
syndrome, a male sex chromosome aneuploidy (SCA) disorder [4]. 47, XYY syndrome
(hereafter, XYY) has been associated with a physical phenotype (i.e. tall stature, hypotonia)
but also increased risk for neurodevelopmental phenotypes, including developmental delays,
difficulties with language, social-emotional difficulties, attention-deficit hyperactivity
disorder and, of note, autism spectrum disorder (ASD) [5-9]. Learning difficulties are
frequently experienced, although general intelligence may be typical, or slightly below
average [7, 10]. In practice, XYY often goes undiagnosed, due to the mild and non-specific
nature of the above characteristics. Interestingly, the prevalence of ASD diagnoses is
significantly increased in XYY males, with reports in the range 19-50% [6, 11] compared
with ~2.6% in the general male population [12]. Along with the general 4:1 male to female
gender predominance in ASD, the high rate of ASD prevalence in XYY has led to the
hypothesis that increased Y chromosome gene copy number in XYY leads to over-
expression of Y-linked genes related to brain development and function, which increases risk
of ASD [13, 14]. As an example, a recent XYY study by Ross, Tartaglia [14] found
increased expression of NLGN4Y, a Y-chromosome gene coding for a trans-synaptic cell
adhesion molecule, in boys with XYY versus XY controls, with higher expression of
NLGNA4Y associated with more severe autism symptoms. For this study, given the theory of
excitation/inhibition imbalance in ASD [2, 3] and spectroscopic observations of reduced
GABA in boys with ASD [15-17], especially in the superior temporal gyrus (STG), as well
as the putative hypothesis linking the Y-chromosome to ASD, it is of interest to directly
study STG GABA levels in boys with XYY.

Estimation of the inhibitory neurotransmitter GABA has recently been enabled via
spectrally-edited magnetic resonance spectroscopy as an index of inhibitory tone [18]. The
present study used magnetic resonance spectroscopy (MRS), spectrally-edited to yield
estimates of GABA, employing a modified MEGA-PRESS sequence to minimize signal
contamination with co-edited macromolecules [19, 20], to examine main effects of XY vs
XYY group in male children and adolescents (618 years).

Further, given the focus on the male Y-chromosome, we additionally explored the
association between brain-derived measures such as GABA MRS with gonadal hormone
levels, specifically testosterone. Past studies have observed such a relationship preclinically,
with the anxiolytic effects of testosterone being mediated by the GABA-a receptor [21, 22].
Human studies have observed changes in prefrontal GABA levels across the menstrual cycle
and during the use of hormonal contraceptives [23] and relationships between testosterone
and posterior cingulate have been observed in unmedicated depressed women [24].
Testosterone could mediate these effects via one or several mechanisms, including direct
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effect via the androgen receptor, aromatization of testosterone to estradiol and action
through the estrogen receptor, or through conversion of testosterone to dihydrotestosterone
or its metabolites 5a.- androstane-3a.,17p-diol (3a-diol) and to 5a.-androstane-3p,17p-diol
(3p-diol), or as neuroactive steroids possessing neuromodulatory activity [25].

MRS data from 19 boys with XYY and 30 typically developing (XY) peers are reported. In a
small fraction of participants, MRS was only obtained / evaluable from one of the two
hemispheres.

XYY subjects were recruited through the eXtraordinarY Kids Clinics (for children with sex
chromosome variations), at Nemours/Alfred I. DuPont Hospital for Children. Typically
developing children were recruited via the Recruitment Enhancement Core (REC) of the
Children’s Hospital of Philadelphia (CHOP), from the local and regional community and
from CHOP primary care practices. No genetic testing was performed to confirm XY status;
assuming a 1/1000 XYY prevalence the expected number of XYY subjects in our XY cohort
of 19 is no more than 1 and thus was considered unlikely and only a minor possible
contributor to statistical noise.

All participants were selected according to the following criteria: (1) no history of traumatic
brain injury or other significant medical or neurological abnormality, (2) no active
psychosis, (3) no MRI contraindications, and (4) no known drug or alcohol use prior to any
study procedure. Members of the typically developing group had no current or past history
of DSM-5 Axis | disorders noted by parents during initial screening and had no symptoms of
ASD, as measured by autism screening questionnaires (Social Responsiveness Scale-2:
SRS-2 [26] and Social Communication Questionnaire: SCQ [27]) and direct observation on
the Autism Diagnostic Observation Schedule-2"d edition (ADOS-2 [28]). In the XYY+ASD
sub-group, diagnosis of ASD was established by expert clinical consensus of two clinical
psychologists (JM and LB) using the ADOS-2, DSM-5 criteria, review of available records,
and parent questionnaires (SCQ and SRS-2). A measure of full-scale 1Q (FSIQ) was
obtained for all participants using the DAS-II [29]. The study was approved by the
Children’s Hospital of Philadelphia Institutional Review Board, and by the Human Studies
Committee at Nemours DuPont Hospital for Children. Written informed consent and assent
(when age-appropriate) was obtained from all participating families.

Demographics (mean (SD)) are reported in Table 1 for the evaluable sample.

Additionally, venipuncture was performed to quantify the male gonadal hormone,
testosterone. Serum samples were processed and frozen until the time of study completion.
Quantification of total testosterone was performed by liquid chromatography tandem mass
spectroscopy with a lower limit of quantification of 1.0 ng/dl; inter and intra-assay CV is
<10%.
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MRS data acquisition and analysis:

Macromolecular suppressed spectrally-edited MEGAPRESS sequence (Siemens WIP 529)
were acquired from two single voxels sized 4x3x2cm placed bilaterally in STG with TR/
TE=1500/80ms, 128 transient pairs (Figure 1) on a 3T Prisma MR scanner. Acquisition time
for each voxel was approximately 6 minutes. For the MEGAPRESS sequence, suppression
of potentially co-edited macromolecules is achieved by applying the “off” pulse at 1.5ppm,
symmetric about 1.7ppm with the on pulse (at 1.9ppm) [20]. Manual high-order shimming
was used to achieve unsuppressed water resonance linewidths, generally <20Hz.To minimize
effects of field center-frequency drift during the MEGAPRESS acquisitions, MRS
acquisitions always preceded other more gradient-demanding imaging sequences (such as
DTI).

Spectra were pre-processed using a modification of the open-source FID-A toolbox [30] to
1) eliminate transients > +/— 2Hz from the nominal center frequency (mitigating effects of
field drift, transient motion and inefficient RF “off-pulse” pulsing), 2) eliminate “bad”
transients that did not match the average (to within 3 standard deviations), 3) to realign
transients subject to slight (<2Hz) frequency variation and 4) to apply frequency and phase
correction (FPC) of the “on” and “off” spectra to optimize subtraction. Sum and difference
spectra were saved. There was no difference in the number of qualifying transient pairs
between groups (XYY: 75.5 £ 3.7, XY: 81.0 £ 4.4; p=0.33).

Spectra were then quantified using jMRUI v6.0 beta. 5Hz Lorentzian line broadening was
applied. An estimate of GABA was derived from the difference spectrum using the HLSVD
fitting algorithm from the resonance in the subtracted spectra at 3ppm. When a small nearby
resonance at ~3.1-3.2ppm (possibly attributable to phosphocholine) was observed this was
fit separately and excluded from the GABA estimation. Estimation of Cr was obtained from
similar HLSVD fitting of the “sum” spectrum. In general, between 10-20 HLSVD
components were required to account for the full spectral range. Results are reported as the
ratio of GABA to Cr (GABA/Cr) abbreviated to “GABA” in the analysis and discussion
below. For both sum and difference fitting an estimate of goodness of fit was provided by the
residual standard deviation. Notably the GABA levels tended to exceed this metric by a
factor of ~10 or more.

Statistical Analysis:

Linear mixed models with fixed effects of hemisphere and XY vs. XYY status (“Group™)
and random effect of subject, with age as a covariate, were used to assess the dependent
variable GABA/Cr. Additionally, the relationship between GABA/Cr and testosterone was
investigated in the older, pubescent (> 10.5 years) sub-cohort using linear mixed models,
with fixed effects of age, hemisphere, testosterone and XY vs. XYY status (“Group”) along
with their interactions and again using subject as a random effect. Of note 10.5 years was
chosen as the cutoff as it presents a clear inflection point between low (near-zero)
prepubescent testosterone production and increased testosterone production beginning in
early puberty (see Figure 1 of [31]).
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Demographics:

No significant age differences were observed between groups (XY: 12.8 £ 0.7 Yrs; XYY:
13.0 £ 0.5; p=0.82). In agreement with expected behavioral phenotypes, Group had a
significant effect on DAS-11 GCA (1Q) scores (XY: 113.8 £ 3.9; XYY: 91 + 3.1; p<0.001),
SRS scores (XY: 42.1 + 3.3; XYY: 70.1 + 2.6; p<0.001) and SCQ scores (XY: 2.0 £ 1.2;
XYY: 9.7 £ 1.0; p<0.001). Thus, the XYY group differed from the XY group in measures of
general cognitive ability and autism related behaviors.

Within the XYY group, no significant effect of concomitant ASD diagnosis (XYY+ASD vs
XYY-ASD) was observed in either age (XYY-ASD: 13.8 £ 0.7 Yrs; XYY+ASD: 12.1 + 0.7
Yrs; p=0.1), GCA scores (XYY-ASD: 95.3 + 4.0; XYY+ASD: 86 + 4.0; p=0.14), SRS
scores (XYY-ASD: 69.1+ 4.6; XYY+ASD: 71 + 4.6; p=0.77) or SCQ scores (XY Y-ASD:
7.6 £1.6; XYY+ASD: 11.8 £ 1.6; p=0.09). Thus, within the XYY group, the ASD diagnosis
did not result in observed dichotomous group differences in general cognitive ability or
autism related behaviors, nor was it conflated with age.

Rates of Evaluable Data:

GABA/Cr

The 19 XY participants yielded evaluable MRS data from 18 LH ROI’s and 18 RH ROI’s.
The 30 XYY subjects yielded evaluable MRS data from 24 LH ROI’s and 26 RH ROI’s.
Although there was slightly higher rate of unevaluable data in the XYY cohort, this
difference did not reach significance (X2 test, p=0.15 (LH), p=0.36 (RH)).

Representative bilateral spectra from typical individuals in each group (XY vs. XYY) are
shown in Figure 1. The GABA resonances at ~3ppm in the subtracted spectra are marked by
arrows.

Statistical analysis of STG GABA/Cr levels were performed using a linear mixed model
with subject as a random effect to investigate main effects of hemisphere and group,
covarying for age. Main effects were found for hemisphere (left: 0.051+0.005 vs right:
0.069+0.004, p<=0.002) and group (XY: 0.069+0.005; XYY: 0.051+0.004, p=0.014). Thus,
left hemisphere was associated with lower GABA/Cr as was XYY vs XY group. No effect
of age was observed nor any interactions between group, hemisphere and age. Although no
significant interaction was observed between group and hemisphere, based on the main
effect of hemisphere on GABA level, we further examined group differences in GABA
levels for each hemisphere separately via additional post-hoc testing. In the left hemisphere
(XY:0.060+0.007; XY'Y: 0.041+0.006) post-hoc t-testing showed significant difference
between XY and XYY (p=0.038) while in the right hemisphere (XY: 0.077+/-0.007; XYY:
0.061+/-0.006) the XYY levels were less significantly reduced, compared to XY (p=0.061).

Since both ASD [15-17] and XYY appear to have an association with GABA levels, we
examined the additional effect of ASD diagnosis in the XYY population. No significant
difference was observed between boys with XYY meeting (XYY+ASD) vs. not-meeting
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diagnostic (XYY-ASD) criteria for ASD (p=0.43), although we note that both XYY cohorts,
XYY+ASD and XYY-ASD, had significantly higher ASD metrics compared with their XY
peers (SRS: XY 40.9 + 3.3; XYY-ASD 64.5 £ 3.6, p<0.01; XYY+ASD 73.9 + 3.5, p<0.01
and SCQ: XY 1.9+ 1.2; XYY-ASD 7.2 + 1.4, p<0.01; XYY+ASD 11.6 + 1.3, p<0.01),
reflecting ASD-like traits even in the cohort of XYY boys not meeting full diagnostic
criteria for ASD.

In the older, pubertal, subcohort (>10.5yrs), linear mixed models of STG GABA/Cr using
subject as a random effect and fixed effects of hemisphere, age, Group (XY. vs. XYY
status), testosterone and their interactions found significant effects of Age (-0.009 per year
p=0.0032), Group (XY:0.086+/-0.010, XY'Y: 0.046+/-0.006, p=0.0029), Testosterone
(9.3e-5 ng/dl p=0.017), and Group x Testosterone interaction (p=0.01). The Group X
Testosterone interaction was further investigated using post hoc linear modeling separately
in each group. In the XY group, a significant positive GABA/Cr to Testosterone relationship
was observed (2.0e-4 per ng/dl, p = 0.037). This relationship was not observed in the XYY
group (p > 0.7). Due to the linear relationship between Testosterone and age (levels of
testosterone increase with both pubertal development and age which are highly correlated),
we considered a potential confound of testosterone by adopting a nonlinear age dependence
in step-wise linear models. A base model of Age, Group and Age x Group explained 27% of
GABA/Cr variance. Adding testosterone and Group x Testosterone explained a significant
amount of additional variance (AR?=10%, p=0.024) whereas adding either 1/Age and 1/Age
X Group or Age? and Age? X group did not explain significant variance (both AR?=3%, ps >
0.2), suggesting that the observed relationship with testosterone is not merely an effect of
nonlinear maturation of GABA/Cr.

Discussion and Conclusion:

The main finding of this study is a bilateral decrease in superior temporal gyrus (STG) levels
of inhibitory neurotransmitter GABA in boys with 47,XYY compared to age-matched peers.
Such findings of decreased STG GABA have previously been reported in ASD, although
primarily in the left hemisphere [15-17, 19]. An overall statistical main effect indicates the
finding of reduced GABA in XYY should be interpreted bilaterally, although there is a trend
towards a hemispheric bias (with left hemisphere effects being somewhat more pronounced).
Interestingly, previous studies of auditory cortex function in XYY (with partial sample
overlap with the present cohort) have implicated predominantly left hemispheric dysfunction
[32]. Potential hemispheric asymmetries should be considered in future studies.

Previous studies [15-17, 19] have shown diminished temporal lobe estimates of GABA in
idiopathic ASD, particularly in the left hemisphere. Given the high prevalence of ASD in
47,XYY syndrome it is notable that an analogous GABA depletion is observed in 47, XYY.
Although there are no differences in GABA levels in XYY between individuals meeting
ASD diagnostic criteria from those not meeting diagnostic criteria, it should be borne in
mind (and is evident from the clinical assessments) that even XYY individuals not meeting
formal diagnostic criteria for ASD nonetheless exhibited significant ASD traits and that the
XYY cohort as a whole had significantly higher SCQ and SRS scores compared to their
typically-developing XY peers, suggesting autism-like traits.
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Importantly, in older boys, with non-zero levels of the gonadal hormone, testosterone,
GABA levels appear linearly associated with testosterone levels in the XY cohort, but do not
exhibit this relationship in XYY although there is no significant difference in the mean
testosterone levels between XY and XY'Y. Previously we have reported subtle differences in
testicular function in a large cohort of boys with XYY [31], with lower inhibin b, but no
detectable differences in testosterone with age. It is tempting to speculate that the age/
testosterone-related increase in GABA, observed typically in adolescent boys, is inhibited in
XYY by over-expression of key Y-chromosome genes, and that this effect overshadows the
age/testosterone GABA relationship.

The limitations of this study include the relatively smaller sample of post-pubertal
individuals, in whom testosterone levels might be higher, as well as the lack of quantitative
evidence of the effects of XYY on Y-chromosome gene expression. Furthermore, given the
large tissue volume contributing to the GABA estimation, it is difficult to interpret these
values more specifically than “basal inhibitory tone”.

In summary, boys with XYY show bilaterally depleted levels of the inhibitory
neurotransmitter, GABA compared to typically developing boys. This finding is also
described in boys with autism spectrum disorder, raising the question of XYY being a
genetic autism model (if genes on the Y chromosome are in part responsible for the
~fourfold increased prevalence of ASD among boys compared to girls, then perhaps
increased expression of these genes in 47,XYY may be associated with the yet further
increased (~30-40% vs. ~3%) prevalence of ASD in XYY compared to XY). Furthermore,
an association of GABA with testosterone levels, separate from age effects, observed in
typically developing boys was not observed in boys with XYY, suggesting subtle alterations
in testicular function and gonadal brain interactions in XY'Y. These results suggest further
investigation into the interaction of gonadal sex hormones and GABA levels, as well as the
modulatory influence of expression of Y-chromosome genes on brain and behavior.
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Figure 1:
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Edited MRS from representative participants with (a,b) XY (left and right hemisphere) and
(c,d) XYY (left and right hemisphere). Arrows mark the GABA resonance in the subtracted
spectra. Diminished left hemisphere GABA is evident compared to right hemisphere values.
Also, a main effect of Group showed diminished GABA levels in XYY.
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Figure2:
MRS estimates (mean +/- s.e.m.) of GABA/Cr by group and hemisphere. Significant main

effects of Group and Hemisphere were observed. Within hemispheres, group differences
were significant in the left hemisphere (*p<0.05) and strongly trended in the right
hemisphere (‘p=0.06)
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Figure 3:

Association of GABA/Cr with testosterone in boys > 10.5 years of age, shows a significant
positive association with bilateral GABA levels in XY that is conspicuously absent in XYY.
The group X testosterone interaction was significant (p<0.05).

Neuroreport. Author manuscript; available in PMC 2022 May 05.

1S Ho1

1S WSy



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Roberts et al.

Table 1

Group differences in demographics, assessments and testosterone levels

XY XYY P-value

N 19 30 -
Age (years) 12.8(3.1) 13.0(2.8) 0.824
SCQ [20] (raw scores) 2(2.5) 9.7 (6.6) <0.001
SRS-2 [19] T-scores 42.1(6.8) 70.1 (17.6) <0.001
FSIQ (DAS-II [22]) Standard scores | 113.8 (18.2) 91.0 (15.9) <0.001
Handedness L:0Bi:0R:19 | L:3Bi:1R:26 | 0.252
Testosterone (ng/dl) 179.3 (225.6) | 183.1(196.2) | 0.953

Pubescent 259.1(232.2) | 229.2(199.5) | 0.697

Prepubescent 3.6 (1.5) 6.3 (4.8) 0.253
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