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Abstract

Background: Duplications of 15q11.2-q13.1 (Dup15q syndrome), including the paternally imprinted gene UBE3A

and three nonimprinted gamma-aminobutyric acid type-A (GABAA) receptor genes, are highly penetrant for

neurodevelopmental disorders such as autism spectrum disorder (ASD). To guide targeted treatments of Dup15q

syndrome and other forms of ASD, biomarkers are needed that reflect molecular mechanisms of pathology. We

recently described a beta EEG phenotype of Dup15q syndrome, but it remains unknown which specific genes drive

this phenotype.

Methods: To test the hypothesis that UBE3A overexpression is not necessary for the beta EEG phenotype, we

compared EEG from a reference cohort of children with Dup15q syndrome (n = 27) to (1) the pharmacological effects

of the GABAA modulator midazolam (n = 12) on EEG from healthy adults, (2) EEG from typically developing (TD)

children (n = 14), and (3) EEG from two children with duplications of paternal 15q (i.e., the UBE3A-silenced allele).

Results: Peak beta power was significantly increased in the reference cohort relative to TD controls. Midazolam

administration recapitulated the beta EEG phenotype in healthy adults with a similar peak frequency in central

channels (f = 23.0 Hz) as Dup15q syndrome (f = 23.1 Hz). Both paternal Dup15q syndrome cases displayed beta power

comparable to the reference cohort.

Conclusions: Our results suggest a critical role for GABAergic transmission in the Dup15q syndrome beta EEG

phenotype, which cannot be explained by UBE3A dysfunction alone. If this mechanism is confirmed, the phenotype

may be used as a marker of GABAergic pathology in clinical trials for Dup15q syndrome.

Keywords: Dup15q syndrome, GABA, UBE3A, Biomarkers, Autism, EEG, Neurodevelopmental disorders, GABRA5,

GABRB3, GABRG3

Background
Duplications and triplications of 15q11.2-q13.1 (Dup15q

syndrome) are highly penetrant for intellectual disability

(ID), autism spectrum disorder (ASD), delayed develop-

ment, and epilepsy [1–4]. Dup15q syndrome is often

considered the most recurrent copy number variant im-

plicated in ASD [5]. Several genes in this region impact

early brain development, namely synaptic function and

inhibitory neurotransmission [6–8]. The relative contri-

butions of these genes to Dup15q syndrome pathology

are poorly understood. However, allele-specific expres-

sion in neurons (i.e., maternal or paternal imprinting)

may allow their contributions to be elucidated by exam-

ining maternal and paternal duplications separately.

Parent-of-origin modulates the Dup15q syndrome

clinical phenotype. Children with maternal duplications

present with a more severe clinical phenotype and

greater likelihood of ASD and ID [9]. This discrepancy is

likely due to paternal imprinting of UBE3A in most neu-

rons [10, 11], a gene implicated in neurodevelopmental

disorders [12, 13] that encodes a ubiquitin-protein ligase
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and regulates synaptic development [6, 7, 14]. Two 15q

duplication types exist: interstitial and isodicentric dupli-

cations [2]. Interstitial duplications manifest as extra

copies of 15q11.2-q13.1 found within chromosome 15

and generally result in partial trisomy or, less commonly,

partial tetrasomy. Isodicentric duplications are extra

copies of 15q11.2-q13.1 ligated end-to-end as a super-

numerary chromosome, resulting in partial tetrasomy

and conferring a more severe clinical phenotype [2]. In

children with maternal interstitial and isodicentric dupli-

cations, upwards of 50% and 80% meet the criteria for

ASD, respectively [2–4, 15–17].

To guide targeted treatments of Dup15q syndrome

and other forms of ASD, biomarkers are needed that re-

flect a molecular or circuit level treatment response [18].

Such mechanism-based biomarkers may serve as surro-

gate endpoints in clinical trials whose short durations

preclude observation of long-term behavioral changes.

They also can serve as quantifiable measures of drug tar-

get engagement which, in turn, can inform decisions

around continuation in a trial. Dup15q syndrome is

characterized by a distinct electroencephalogram (EEG)

phenotype that likely reflects molecular pathology [4,

15]. Recently, our group quantified this EEG phenotype

as spontaneous beta band (12-30 Hz) oscillations in chil-

dren with Dup15q syndrome, none of whom were taking

benzodiazepines or other medications known to induce

beta activity [19]. The Dup15q EEG phenotype is thus a

promising biomarker that may quantify disease patho-

physiology or index drug target engagement in the de-

velopment of Dup15q syndrome treatments.

Proper application of the Dup15q syndrome biomarker

will crucially depend on understanding which genes and

which aspects of Dup15q syndrome pathophysiology the

biomarker reflects. Several 15q genes have been linked to

the disease etiology, including the paternally imprinted

gene UBE3A and a cluster of non-imprinted gamma-

aminobutyric acid type-A (GABAA) receptor β3, α5, and

γ3 subunit genes [2]. As evidence of its involvement in

neurodevelopmental disorders, UBE3A is the causative

gene of Angelman syndrome [20], a disorder resulting in

the majority of cases from deletion of maternal 15q11.2-

q13.1 [21] and characterized by phenotypic overlap with

Dup15q syndrome [22–27]. A role for UBE3A in Dup15q

syndrome pathophysiology is thus likely. However, be-

cause UBE3A is only expressed from the maternal allele in

human neurons [10, 11], UBE3A dysfunction is unlikely to

be responsible for the clinical manifestations of cases of

paternal 15q duplication [4]. Phenotypes common to both

paternal and maternal duplications, on the other hand,

would be best explained by biallelically expressed, nonim-

printed genes. The most likely non-imprinted candidate

genes within the duplication are a cluster of GABA recep-

tor subunit genes including GABRB3, GABRA5, and

GABRG3. These GABAA receptor genes encode the β3,

α5, and γ3 subunits, respectively, and they have been

linked to epilepsy and ASD in both patients and animal

models [28–32]. A potential role for the GABRB3/

GABRA5/GABRG3 gene cluster in the Dup15q syndrome

EEG phenotype is emphasized by a similarity between the

Dup15q syndrome beta EEG pattern [19] and the well-

documented phenomenon of beta oscillations induced by

GABAA-modulating compounds (e.g., benzodiazepines) in

the human EEG [33]. Furthermore, in children with

Angelman syndrome, patients with deletions of 15q11.2-

q13.1 that encompass the GABRB3/GABRA5/GABRG3

gene cluster (i.e., the genetic converse of Dup15q syn-

drome) feature reduced beta power [27] and a more severe

clinical phenotype [34–37] relative to patients with etiolo-

gies not encompassing the GABAA receptor genes. The

foregoing evidence from Angelman syndrome underscores

the influence of GABAA receptor genes on both clinical

phenotype and beta EEG phenotype in 15q disorders.

To infer the extent to which involvement of UBE3A or

the GABRB3/GABRA5/GABRG3 gene cluster is necessary

or sufficient for the beta EEG phenotype in Dup15q syn-

drome, we performed three studies. First, to confirm that

our earlier characterization of the beta EEG phenotype

still holds in a larger Dup15q syndrome sample, we com-

pared beta power in healthy, typically developing (TD)

children to beta power in a reference cohort of children

with Dup15q syndrome featuring both interstitial and iso-

dicentric duplications. Next, to test the hypothesis that

GABAergic dysfunction is sufficient to produce the beta

EEG phenotype, we compared this phenotype in Dup15q

syndrome to beta oscillations pharmacologically induced

by the GABAA modulator midazolam in healthy adults.

Finally, to test the hypothesis that UBE3A dysregulation is

necessary for the beta EEG phenotype, we compared two

cases of paternal Dup15q syndrome to the aforemen-

tioned reference cohort of children with Dup15q syn-

drome. Each of the studies described above is motivated

by the overarching goal of improving clinical trials in

Dup15q syndrome. As we begin to understand the mech-

anism underlying this EEG biomarker, we can apply it ra-

tionally in pharmacological trials as an index of treatment

response or drug target engagement.

Methods

See Additional file 1: Methods and Materials for an ex-

tended description of the methods.

Recruitment and EEG acquisition

To test our predictions outlined above, we analyzed

spontaneous EEG recordings from (1) a reference cohort

of n = 27 children with Dup15q syndrome, (2) a control

cohort of n = 14 children with typical development, (3)

two children with paternal duplications of 15q11-q13,
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and (4) n = 12 healthy adult volunteers challenged with

5 mg of midazolam. The reference cohort and TD con-

trol cohort included n = 13 and n = 9 participants, re-

spectively, from a previous study of the Dup15q

syndrome beta EEG phenotype by Frohlich and col-

leagues [19]. Clinical EEGs from both children with

paternal Dup15q syndrome were examined in a previous

study by Urraca and colleagues [4], and one child’s (801-

005) research EEG was also examined in Frohlich and

colleagues [19]. Recruitment and data acquisition are de-

tailed for each below.

Dup15q syndrome reference cohort

Because Dup15q syndrome is a rare disease with a 1 in

10,000 prevalence rate [38], we partnered with a patient

advocacy group, the Dup15q Alliance, and collected data

from children at two national family conferences to in-

crease our sample size in accordance with the University

of California, Los Angeles (UCLA) Institutional Review

Board (IRB). We recruited children of all ages and devel-

opmental abilities in order to capture the most clinically

representative sample. Parents of participants provided

informed written consent prior to the start of study ac-

tivities. We cautiously excluded data from participants

with confounding factors such as epilepsy and antiepi-

leptic medications that act on GABAergic transmission

(to our knowledge, at least three participants included in

our analysis later developed seizures after EEG data were

acquired). Furthermore, we excluded participants with

confirmed paternal duplications from the reference co-

hort. Because genetic reports obtained from parents gen-

erally did not contain parent-of-origin data, only two

cases of maternal parent-of-origin were confirmed in the

reference cohort. Nonetheless, it is overwhelmingly

likely that the majority of our reference cohort consists

of children with maternal duplications, given both the

fact that maternal duplications are roughly twice as

common as paternal duplications and roughly 2.5 times

more penetrant for ASD and developmental delay as pa-

ternal duplications [39]. Reference cohort data presented

here are from n = 27 participants with Dup15q syn-

drome (n = 13 interstitial, n = 14 isodicentric). See Table

1 for details of the reference cohort age and develop-

mental quotient (DQ).

High density (HD) EEG data were acquired at a sam-

pling rate of 500 Hz using 129 channel vertex-referenced

EGI geodesic nets with Ag/AgCl electrodes (Electrical

Geodesics, Inc., Eugene, OR, USA). Full details of the

data acquisition are found in a previous publication [19].

TD control group

To confirm high beta power in the Dup15q syndrome

reference cohort, we examined awake-state spontaneous

EEG data from TD children (n = 14) recruited through

UCLA. The control group did not significantly differ in

age from the Dup15q syndrome reference cohort (p =

0.29, t = 1.06). All EEG data were recorded at UCLA.

Recruitment, parental consent, and EEG protocol were

identical to that described above for Dup15q syndrome.

See Table 1 for age and DQ details.

Paternal Dup15q syndrome case studies

Cases of paternal Dup15q syndrome are observed less

frequently than maternal Dup15q syndrome, owing to a

much milder clinical presentation [4, 39]. This fact im-

pedes both detection and recruitment. We obtained

EEG from two children with paternal duplications (see

Table 2). Both paternal duplication participants have

previously been clinically described in a study of individ-

uals with interstitial Dup15q syndrome [4]. Thus, they

are referred to here by their IDs from the previous pub-

lication. The first participant (801-005) was a boy aged

13 years (161 months) with paternally derived interstitial

Dup15q syndrome recruited through UCLA at a Dup15q

Table 1 Dup15q syndrome reference cohort. Cognitive ability is reported as developmental quotient derived (DQ) from age-appropriate

developmental scales. Calculations of mean and standard deviation (SD) for DQ scores ignore missing data reported in rows ‘missing

DQ’ row

Interstitial Isodicentric Total

Dup15q reference cohort 13 14 27

Dup15q age (months, mean ± SD) 80.0 ± 42.7
(min = 9, max = 175)

56.9 ± 37.0
(min = 18, max = 156)

68.0 ± 40.8
(min = 9, max = 175)

Dup15q DQ (mean ± SD) 45.2 ± 23.7 35.8 ± 16.8 40.5 ± 20.6

Dup15q missing DQ 1 2 3

Dup15q ADOS calibrated severity score 6.13 ± 2.59 7.33 ± 1.44 6.85 ± 2.01

Dup15q missing ADOS 5 2 7

TD sample N/A N/A 14

TD age (months, mean ± SD) N/A N/A 55.0 ± 28.5
(min = 16, max = 111)

TD DQ (mean ± SD) N/A N/A 118 ± 15.5
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Alliance family conference. Awake-state spontaneous

EEG data were recorded from 801-005 using the high-

density EGI system and protocol described above. The

second participant (801-015) was a girl aged 8 years (96

months) with paternally derived interstitial Dup15q syn-

drome. Awake-state spontaneous EEG data were col-

lected from 801-015 at LeBonheur Children’s Hospital

(LCH) in Memphis, Tennessee (sampling rate = 512 Hz).

Data were referenced to average prior to importing. We

excluded ear channels, yielding 19 channels (standard

10-20 system) for analysis.

Midazolam pharmaco-EEG

To assess the similarity of the beta EEG phenotype in

Dup15q syndrome to beta oscillations pharmacologically

induced with a GABAA positive allosteric modulator

(PAM), we examined 19-channel EEG (sampling rate =

256Hz) from n = 12 healthy adult controls challenged

with the benzodiazepine compound midazolam. Midazo-

lam is a nonselective GABAA PAM (i.e., benzodiazepine)

that binds to the GABAA receptor, increasing the conduct-

ance of the receptor when the channel is opened by

GABA [40]. The study protocol was approved by the

National Research Ethics Service (NRES) committee.

These data were acquired as part of a Roche spon-

sored trial (WP29393). The study also investigated

other endpoints and conditions that are not reported

here.

EEG preprocessing

Raw data were imported to MATLAB (The MathWorks,

Inc., Torrance, California) for data processing. Data were

bandpass filtered 1–45 Hz (FIR filter) and artifact re-

duced using a combination of manual artifact selection

and independent component analysis (ICA). We ex-

cluded 46 “skirt channels” from HD EEG data that are

particularly sensitive to noise and muscle artifact (see

Additional file 1: Figure S1), leaving 83 channels for pro-

cessing and analysis. Manual artifact selection identified

technical artifacts and gross physiological artifacts for

exclusion. Noisy channels were also marked for

interpolation at this stage, and datasets for which the

number of noisy channels exceeded the square root of

the total number of imported channels were excluded

from the analysis. A minimum of 60 s of clean data was

analyzed for each participant. ICA was performed with

the FastICA algorithm [41, 42]. Components corre-

sponding to stereotyped physiological artifacts (e.g.,

blinks, saccades, neck movement) were subtracted from

EEG data. Following artifact reduction, bad channels

were spline-interpolated. Data were averaged referenced

prior to the wavelet transform. In contexts where HD

EEG were compared directly to 19-channel EEG, we

spatially interpolated HD EEG to 19 channels corre-

sponding to the 10-20 montage coordinates prior to the

wavelet transform. See Additional file 1: Table S1 for

number of bad channels, artifact components, and

length of good data for each cohort and paternal dupli-

cation case.

Frequency transform and analysis

Data were frequency transformed using Morlet wavelets

[43]. A total of 54 Morlet wavelet kernels were used with

logarithmically spaced frequencies from 2 to 45 Hz (12

wavelets per octave) and with a spectral smoothing of 1/

3 octave. Next, elements of the time-frequency represen-

tation corresponding to excluded data were removed.

Datasets were discarded if their time-frequency repre-

sentation contained fewer than 20 valid (i.e., non-

excluded) time windows for the 2 Hz wavelet transform.

We estimated spectral power by averaging power values

of successive 3/4-overlapping temporal windows of con-

tinuous clean data in time-frequency representations.

This gave a single estimation of spectral power at each

of either 83 (HD EEG) or 19 (10-20 system) channels

and 54 frequency bins.

We smoothed frequency output in half-octave bins

and normalized power at each bin by log2(Hz) (i.e., oct-

ave) to yield power spectral densities (PSDs). We then

computed PSDs using log2(Hz) and plotted PSDs in a

logarithmic space to account for the logarithmic nature

of electrophysiological signals [44]. Our analysis used ab-

solute power because relative power measurements are

vulnerable to normalization artifacts. For example, large

theta oscillations present in several of our participants

artifactually reduce beta band power when relative

power is computed. In instances where channel-

averaged power was reported, we first averaged across

Table 2 Phenotype, duplication, and EEG details of participants with paternal Dup15q syndrome. Participant 801-005 was a 13-year-old

boy with paternal Dup15q syndrome. Participant 801-015 was an 8-year-old girl with paternal Dup15q syndrome. Both participants had

interstitial duplications and were diagnosed with attention deficit hyperactivity disorder (ADHD). Neither participant had seizures or a

diagnosis of ASD. However, 801-005 met criteria for ASD on the diagnostic observation schedule (ADOS) administered at the time of EEG

(calibrated severity score = 7); this was likely due to working memory and attentional deficits related to ADHD [4]. Both participants had

similar DQs, though 801-005, but not 801-015, had a DQ measured below the threshold for ID

ID Dup type Dup size Age Gender Seizures ASD ADHD Full DQ EEG

801-005 Interstitial 5.7 Mb 161months M No No Yes 67 Research

801-015 Interstitial 5.0 Mb 96 months F No No Yes 77 Clinical
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channels before log-scaling PSDs and then averaging

across participants.

To compare PSDs from paternal Dup15q syndrome

cases to our reference cohort, we used linear regression

to account for age differences. We modeled PSDs for all

participants in the reference cohort using log2(age),

where the log transform accounts for larger develop-

mental gains at younger ages. We then reconstructed

PSDs for each reference cohort participant using the

log2(age) of the paternal Dup15q syndrome participant

and adding back model residuals for each participant.

Peak frequency extraction

To further investigate beta oscillations, we examined

beta peak frequency in Dup15q syndrome (reference co-

hort and participants with paternal duplications). Identi-

fying beta band peaks depends crucially on the presence

of local maxima that are not smeared out by averaging

across scalp regions with different peak frequencies. For

this reason, our identification of beta peak frequency

was done on power averaged only across frontal chan-

nels, as this scalp area featured the highest beta power

in Dup15q syndrome (see Fig. 1 in the “Results” section,

cf. Fig. 2 in Frohlich and colleagues 2016) [19]. HD

EEGs were spatially interpolated to 19 channels corre-

sponding to the international 10-20 montage and power

was averaged across channels Fp1, Fp2, F3, F4, Fz, F7,

and F8. Frontal beta peak frequency (FBPF) was auto-

matically identified in each participant by extracting the

beta band peak with the highest power.

Results
Dup15q syndrome reference cohort

We first compared PSDs, averaged across channels and

participants, from the TD cohort and Dup15q syndrome

reference cohort. The Dup15q syndrome reference co-

hort displayed a prominent group-level peak in the beta

band (peak frequency: f = 23.1 ± 0.406 Hz, mean ±

SEM), matching the peak frequency reported in a previ-

ous investigation [19]. Peak beta power did not differ

between data collection sites for reference cohort partic-

ipants (one-way ANOVA, F(2,24) = 0.40, p = 0.68,

spline-interpolated peak frequency). We then compared

EEG power at all frequencies between the Dup15q

Fig. 1 Dup15q syndrome versus TD. a Spectral profiles of children with Dup15q syndrome (red) and TD children (blue). PSDs are averaged across

channels and participants; colored highlights represent 95% confidence intervals. Power is significantly higher in Dup15q syndrome at 20.2–28.5 Hz (p <

0.05 corrected). b Dup15q syndrome topographic scalp power (mean across participants at f = 23.1 Hz). c TD topographic scalp power (mean across

participants at f = 23.1 Hz). d Dup15q syndrome versus TD power difference effect sizes (Cohen’s d) at f = 23.1 Hz. Mean effect size across channels, d =

1.06 (min, d = 0.339; max, d = 1.98)
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syndrome cohort and the TD cohort (two-tailed t-tests

across 54 bins). We found elevated EEG power in

Dup15q syndrome relative to TD children at 20.2–28.5

Hz (7 bins, p < 0.05 corrected using false discovery rate

with the Benjamini-Hochberg procedure [45]). This find-

ing confirms the presence of elevated beta power in

Dup15q syndrome reported in previous work [19] using

a larger cohort that includes some participants from the

earlier study. Beta oscillations were observed globally

across the scalp in Dup15q syndrome (Fig. 1b) compared

to the TD cohort (Fig. 1c) at all channels (effect size: d′

= 1.06 ± 0.325, mean ± SD across channels). The largest

effect sizes (d > 1) were located in frontocentral scalp re-

gions (Fig. 1d).

To test for a gene dosage effect within Dup15q syn-

drome, we next evaluated channel-averaged PSDs separ-

ately for participants with interstitial and isodicentric

duplications (Fig. 2a). We found no significant difference

in beta power between duplication types at the Dup15q

syndrome reference cohort peak frequency (f = 23.1 Hz,

p = 0.25, t = 0.69, one-tailed t-test). Expanding our test

to all frequency bins, we still detected no significant

differences in power (two-tailed t-tests across 54 bins),

even before correcting for multiple comparisons across

frequency bins. We did, however, observe considerably

larger variance in interstitial Dup15q syndrome at most

frequency bins. Both duplication types featured promin-

ent group-level oscillatory peaks in the beta band (inter-

stitial peak frequency f = 23.1 ± 0.464 Hz; isodicentric

peak frequency f = 23.2 ± 0.567 Hz, mean ± SEM). We

also observed similar patterns of scalp topography for

both duplication types at 23.1 Hz (Fig. 2b, c). Effect sizes

of isodicentric power versus interstitial power at f =

23.1 Hz were small (Fig. 2d).

The Dup15q syndrome beta EEG phenotype resembles

the effects of pharmacological GABAA modulation

Next, we compared the Dup15q EEG signature to the EEG

signatures induced by a GABAA PAM (midazolam, 5mg

oral administration) in healthy adult participants. The EEG

showed spectral peaks in the alpha band and beta band

both before and after midazolam administration (Fig. 3a).

The midazolam condition showed the highest beta power

in central scalp regions at the Dup15q syndrome peak

Fig. 2 Dup15q syndrome by duplication type. a Spectral profiles of isodicentric (orange) and interstitial (green) duplications. PSDs are averaged across

channels and participants; colored highlights represent 95% confidence intervals. Both duplication types show prominent spectral peaks in the beta band

(group-level averages: isodicentric, f = 23.2 Hz; interstitial, f = 23.1 Hz). Power does not differ between duplication types (p > 0.05, all frequencies). b Mean

topographic scalp power of participants with isodicentric duplications at f = 23.1 Hz (i.e., the Dup15q syndrome spline-interpolated peak frequency). c

Mean topographic scalp power of all participants with interstitial duplications at f = 23.1 Hz. d Isodicentric versus interstitial power difference effect sizes

(Cohen’s d) at f = 23.1 Hz. Mean effect size across channel, d = 0.21 (min, d = -0.19; max, d = 0.50)
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frequency as compared with the baseline condition (f =

23.1Hz, Fig. 3b–d). Most channels displayed positive

changes in beta power, with the largest change occurring

at channel Cz (76% increase, Fig. 4a, b). We then per-

formed paired samples t tests across all channels at the

Dup15q syndrome peak frequency. Three channels, Fz, Cz,

and Pz, displayed a significant increase in power after cor-

recting for multiple comparisons using the false discovery

rate (FDR, Benjamini-Hochberg method, p < 0.05 cor-

rected, Fig. 4c). The average power change for these chan-

nels yielded a peak frequency at 23.0 ± 1.61 Hz (mean ±

SEM, 30% increase, Fig. 4d), very close to the Dup15q syn-

drome peak frequency (f = 23.1 ± 0.406).

The beta EEG phenotype is observed in paternal Dup15q

syndrome

Results from each participant with paternal Dup15q syn-

drome are described below separately. In both cases, we

find that the quantitative beta EEG phenotype is observ-

able in paternal Dup15q syndrome. This finding was

observed qualitatively in an earlier publication [4].

Paternal Dup15q participant 801-005

We observed highly prominent peaks in the beta band

for PSDs derived from all examined channels from 801-

005 (Fig. 5a, peak frequency: f = 19.8 ± 0.435 Hz, mean

± SEM). We then examined the channel averaged PSD

in the context of the Dup15q reference cohort. Because

of the broad age range of the reference cohort, we used

a simple linear regression model to account for age dif-

ferences (see the “Methods” section). Paternal duplica-

tion beta power was elevated above the Dup15q

reference cohort 95% confidence interval of the mean

for all beta frequencies (Fig. 5b). Similar results are

yielded using only reference cohort participants with

interstitial duplications (Additional file 1: Figure S2A).

Beta power (reference cohort peak frequency) for 801-

005 lies near the upper end of the reference cohort dis-

tribution (Fig. 5c, f = 23.3 Hz).

Next, we examined the topographic distribution of

power distribution at the reference cohort peak frequency

(reconstructed power). The scalp topography derived from

801-005 exhibited higher power at all channels (Fig. 5g) as

Fig. 3 Midazolam pharmaco-EEG at baseline and 1 h post administration (5mg oral). a PSDs averaged across participants for the baseline (black) and 1 h

post administration (purple) conditions. Colored highlights represent 95% confidence intervals of the mean. Both conditions show spectral peaks in the

alpha and beta bands; the alpha peak appears diminished and the beta peak appears enhanced by midazolam challenge. b Topographic scalp power 1 h

post administration at the Dup15q syndrome peak frequency (23.1 Hz). c Topographic scalp power from the baseline condition at the Dup15q syndrome

peak frequency (23.1 Hz). d Effect sizes (Cohen’s d) of midazolam-induced power change at 23.1 Hz. The largest power changes occur at central channels

Fz, Cz, and Pz (Cf. Fig. 3c)

Frohlich et al. Molecular Autism           (2019) 10:29 Page 7 of 15



compared with the reference cohort mean scalp topog-

raphy (Fig. 5h). Scalp topography derived from only inter-

stitial duplications in the reference cohort (Additional file

1: Figure S2C) appeared similar to that of the overall refer-

ence cohort. In all cases, we observed the highest power at

frontal electrodes, also in line with previous findings by

Frohlich and colleagues [19].

Paternal Dup15q participant 801-015

We observed broadly elevated power across the beta

band in PSDs derived from all examined channels in

801-015 (Fig. 5d, peak frequency: f = 19.3 ± 0.677 Hz,

mean ± SEM) and peaks at multiple frequencies within

the beta band (here we have reported the frequencies of

the largest peaks). These factors cause smearing in the

channel-averaged PSD, giving it a less prominent peak in

the beta band than 801-005. Thus, the spectral profile of

this paternal Dup15q syndrome case appears different

than that of 801-015 while still exhibiting the beta EEG

phenotype. We also observed highly prominent theta

peaks for all channels in the 4–8 Hz frequency range

(peak frequency: f = 5.29 ± 0.00275 Hz, mean ± SEM).

Beta power for 801-015 was higher than the Dup15q

reference cohort 95% confidence interval from 13.8 to

19.5 Hz and within the confidence interval from 19.5 to

27.9 Hz, falling slightly below the mean at the reference

cohort peak frequency (Fig. 5e, f ). 801-015 showed a

beta peak at f = 19.32 +/− 0.676 Hz (mean ± SEM), simi-

lar to the peak frequency observed for 801-005 (f =

19.82 +/− 0.435 Hz) and the reference cohort group-

Fig 4 EEG signature of pharmacological GABAA receptor modulation in healthy adult participants. Healthy adult participants (n = 12) were challenged

orally with a GABAA PAM (5mg midazolam). a Average power change in all channels 1 h following drug administration referenced to baseline (absolute

power averaged across participants). Most channels displayed an increase in power in the beta band. b Channel-averaged power change. The colored

highlight represents the 95% confidence interval. The average power change appears to largely plateau between the peak power change (16.1 Hz, red

vertical line) and the Dup15q syndrome peak frequency (23.1 Hz, black vertical line). c Scalp topography of the −log10(p value) multiplied by the sign of the

t-statistic from a two-tailed t test at 23.1 Hz. Three central channels (Fz, Cz, and Pz, indicated with a star symbol) survive an FDR correction for multiple

channels (p value threshold = 3 × 10−3). d Power change averaged across central channels. We visualized the average power change for those channels

that survived the FDR correction at 23.1 Hz. The colored highlight represents the 95% confidence interval. The power change peaks at 23.0 Hz (red vertical

line), very close to the Dup15q syndrome peak frequency (23.1 Hz, black vertical line; Cf. Fig. 1a).
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level peak frequency (f = 23.1 ± 0.406). Reference cohort

participants with interstitial duplications also showed a

group level peak frequency at 23.1 Hz (Additional file 1:

Figure S2B).

The scalp topography (power at the Dup15 reference

cohort peak frequency) derived from 801-015 exhibited

power at 23.1 Hz comparable with the reference cohort

mean scalp topography at the same frequency (Fig. 5i, j).

Scalp topography was also similar between the overall

Dup15q syndrome reference cohort and participants

with interstitial duplications (Additional file 1: Figure

S2D). 801-015 exhibited a bifrontal maximum in scalp

power (channels at F3 and F4) at the reference cohort

peak frequency; this is similar to the scalp topography

Fig. 5 Paternal Dup15q syndrome PSDs and scalp topographies. a PSDs derived from all 19 channels (spatially interpolated from HD EEG) show

prominent beta peaks in a 13-year-old boy with a paternal duplication (ID: 801-005). b Reference cohort PSDs were reconstructed using a simple linear

regression model, plugging in the log age of 801-005 (161months). Channel-averaged PSD derived from 801-005 shows higher beta power at all

frequency bins than the Dup15q reference cohort 95% confidence interval of the mean. The channel-averaged peak beta frequency is lower in 801-005 (f

= 20.4 Hz) as compared with the reference cohort (f = 23.3 Hz). c Violin plot of power at the reference cohort peak frequency (f = 23.3 Hz, reconstructed

power), with 801-005 indicated in yellow near the top of the distribution. d PSDs derived from all 19 channels (clinical EEG) show prominent beta peaks in

an 8-year-old girl with a paternal duplication (ID: 801-015). e Reference cohort PSDs were reconstructed using a simple linear regression model, plugging

in the log age of 801-015 (96months). Channel-averaged PSD derived from 801-015 shows beta power largely in the range of the Dup15q reference

cohort 95% confidence interval. The channel-averaged peak beta frequency is lower in 801-015 (f = 19.7 Hz) as compared with the reference cohort (f =

23.1 Hz). f Violin plot of power at the reference cohort peak frequency (f = 23.1 Hz, reconstructed power), with 801-015 indicated in yellow near the mean

of the distribution. g 801-005 beta power scalp topography measured at f = 23.3 Hz (reference cohort reconstructed power peak frequency). h Dup15q

syndrome reference cohort beta power scalp topography measured at the group level peak frequency f = 23.3 Hz (reconstructed power from 801-005

regression model). i 801-015 beta power scalp topography measured at 23.1 Hz (reference cohort reconstructed power peak frequency). j Dup15q

syndrome reference cohort beta power scalp topography measured at the group level peak frequency f = 23.1 Hz (reconstructed power from 801-015

regression model)
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seen in 801-005. Our findings indicate that beta power is

elevated in individuals paternal Dup15q syndrome,

strongly suggesting that overexpression of UBE3A is not

necessary for the beta EEG phenotype

Beta peaks in paternal Dup15q syndrome resemble those

in Dup15q syndrome reference cohort

To further investigate the similarity of the maternal and

paternal Dup15q syndrome beta-band oscillations, we

investigated the FBPF for the Dup15q syndrome refer-

ence cohort (interstitial and isodicentric) and paternal

Dup15q syndrome. Within the Dup15q syndrome refer-

ence cohort, we identified beta peaks in 26 out of 27

participants (96.3%, FBPF = 22.4 ± 2.99 Hz, mean ± SD,

Fig 6a). We found that FBPF did not significantly relate

to age in the reference cohort (R2 = 0.056, p = 0.25, Fig.

6b). For this reason, we did not implement regression

modeling to age project the Dup15q syndrome reference

cohort to the ages of paternal Dup15q syndrome partici-

pants. FBPF did not differ significantly between duplica-

tion types (interstitial vs isodicentric) within the reference

cohort (p = 0.085, t = − 1.8). In paternal Dup15q syn-

drome, both participants had FBPF that fell within one

standard deviation of the reference cohort mean (Fig. 6c;

801-005: FBPF = 20.7 Hz, z = − 0.59; 801-015: FBPF =

20.1 Hz, z = − 0.78Hz; z scores are derived using the refer-

ence cohort mean and standard deviation). We also ob-

served that participants with paternal Dup15q syndrome

clustered well with the Dup15q syndrome reference co-

hort in frequency-power space (Fig. 6a).

Discussion

There is a growing need in the field of neurodevelop-

mental disorders to identify scalable, mechanistic

biomarkers that can directly improve clinical trials. With

that goal, we have studied the properties of a robust

EEG biomarker in Dup15q syndrome, one of the most

common CNVs associated with ASD and ID. Here, we

first replicated a prior study, with a larger cohort, and

demonstrated that beta EEG power discriminates

Dup15q syndrome from TD children. We then provided

two lines of evidence that the Dup15q beta EEG pheno-

type likely reflects modulation of GABAergic neuro-

transmission. First, the Dup15q syndrome EEG signature

resembles the EEG pattern found in pharmacological

GABAA receptor modulation of healthy adult partici-

pants. Second, the Dup15q syndrome EEG signature is

present even in children who have presumably normal

expression of UBE3A in cortical neurons (paternal dupli-

cations). By identifying a likely GABAergic mechanism

underlying this phenotype, our work facilitates the appli-

cation of this biomarker to clinical trials of drugs that

target GABA for Dup15q syndrome, either as a pharma-

codynamic biomarker or a response biomarker. Further-

more, our work informs future studies that may be used

to rescue the beta EEG phenotype in animal models of

Dup15q syndrome.

GABAA receptor modulation resembles the beta EEG

phenotype in healthy adults

Our study is the first to compare the spectral EEG pro-

file of healthy adults challenged with a benzodiazepine

compound, midazolam, to the spectral EEG profile of

Dup15q syndrome. Notably, several channels in the mid-

azolam treatment group show nearly the same peak

power change as the Dup15q syndrome peak frequency.

This similarity of power spectral effects suggests that the

Dup15q syndrome beta EEG phenotype might reflect

Fig. 6 Peak frequency analysis. a PSDs derived from the Dup15q syndrome reference cohort (black) and paternal Dup15q syndrome (blue). Beta

peaks are labeled in red (reference cohort) and yellow (paternal Dup15q). Both participants with paternal Dup15q syndrome appear to fall within

the cluster of beta peaks found in the reference cohort. b Age versus FBPF. Points representing participants are sized proportionately to peak

power at the FBPF (green = interstitial reference cohort, orange = isodicentric reference cohort, blue = interstitial paternal Dup15q syndrome).

Age does not correlate with FBPF (r = 0.24, p = 0.25). c Violin plot of FBPF; yellow points represent paternal Dup15q syndrome. Both participants

with paternal Dup15q syndrome fall within one standard deviation of the reference cohort
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GABAA receptor dysfunction related to the dysregula-

tion of the GABRB3/GABRA5/GABRG3 gene cluster.

However, so far, there is a lack of clear evidence for

overexpression of these genes from Dup15q syndrome

postmortem brain tissue studies [46–48]. Nonetheless, a

vast body of prior literature demonstrates that GABAA

modulators such as benzodiazepines induce beta

rhythms [33, 49–54] with similar spectral profiles to

those observed in Dup15q syndrome [19], thus linking

beta EEG activity to GABAergic activity. Interestingly,

the topographic power distributions for Dup15q syn-

drome (Fig. 1b) and midazolam drug challenge (Fig. 3b)

appear quite different; this may reflect the specific

spatial distribution of affected β3/α5/γ3 subunits in

Dup15q syndrome compared to the overall GABAA re-

ceptor distribution that is modulated by the non-

selective GABAA PAM midazolam. In particular, the

GABAA receptor α5 subunit shows frontotemporal ex-

pression as revealed by PET studies with α5-subunit se-

lective radioligands in humans [55–57] while GABAA

receptors targeted by non-selective benzodiazepines,

such as midazolam, are widely and more homogenously

distributed throughout the whole cortex. Finally,

although a few channels (e.g., T7 and T8) showed de-

creased power in response to midazolam challenge in

healthy adult participants, these channels also showed

an overall frequency-nonspecific decrease in power (Fig.

4a), with local maxima in power change still occurring

in the beta band.

Elevated UBE3A is not necessary for the Dup15q

syndrome EEG phenotype

Our data from two cases of paternal Dup15q syndrome,

where UBE3A levels in most neurons are presumably

normal, demonstrate that the beta EEG phenotype is not

dependent on UBE3A alone. Instead, our data suggest

that the beta EEG phenotype is dependent on one or

more nonimprinted genes within the duplicated region.

These findings are consistent with recent work in Angel-

man syndrome—a related 15q disorder—demonstrating

reduced beta power in children with 15q11-q13 dele-

tions compared to children with etiologies confined to

UBE3A or other imprinted genes [27]. Although UBE3A

is currently believed to be the only paternally imprinted

gene in the 15q11.2-q13.1 region [58–60], our results

strongly suggest that other genes on this locus that may

also be paternally imprinted are unlikely to contribute to

the Dup15q syndrome EEG phenotype.

Both paternal Dup15q syndrome cases were of differ-

ent ages and studied with different EEG systems, thus

suggesting that beta oscillations in paternal Dup15q

syndrome are neither specific to one particular develop-

mental age group nor an artifact of a particular EEG

system. These results are consistent with a previous

study qualitatively reporting that three out of four par-

ticipants with paternal interstitial Dup15q syndrome ex-

hibit the beta EEG phenotype [4]. EEG data from the

remaining two participants in this earlier study were not

available, and thus we were not able to quantitatively re-

examine their EEG. Combining our findings from pater-

nal Dup15q syndrome with those from our investigation

of midazolam in healthy adults, we conjecture that

GABAergic activity plays an important role in Dup15q

syndrome cortical dynamics. Additional data from more

patients with paternal Dup15q syndrome will be needed

to support this conjecture.

Towards quantitative biomarkers of neurodevelopmental

disorders for drug development and clinical trials

Advances in genetic sequencing and testing have yielded

an increasing proportion of ASD cases (3–20%) with a

readily identifiable genetic cause [61, 62]. Duplications

of 15q are the most common copy number variation

identified in ASD, accounting for 1–3% of cases [9, 63].

Furthermore, polymorphisms [64–70] and abnormal ex-

pression levels [71–74] of several GABAA receptor sub-

unit genes have also been identified in individuals with

ASD. In fact, single-nucleotide polymorphisms in all

three of the GABAA receptor genes that are duplicated

in Dup15q syndrome were recently found to predict

symptom-based and developmental deficits in a large (n

= 99) cohort of children and adolescents with ASD [75].

At the same time, EEG beta band anomalies have been

linked to ASD [76–79], though arguably less so than

anomalies in other frequency bands [80]. It is possible

beta activity in some individuals with nonsyndromic

ASD reflects a genetic subtype with a GABAergic eti-

ology, e.g., caused by point mutations in GABAA recep-

tor subunit genes.

The relationship between beta activity and ID is less

clear, although much work has linked beta to attention

and cognition [81–83]. However, the high-amplitude

beta activity resulting from GABAergic dysfunction (e.g.,

in benzodiazepine drug challenge) may reflect different

circuits and physiological processes than beta activity in

the reports cited above, e.g., because benzodiazepines

are associated with sedation rather than heightened at-

tention [84]. In Angelman syndrome, a disorder highly

penetrant for ID [85], beta power is reduced in cases

caused by 15q11-q13 deletion relative to cases with eti-

ologies that mainly impact UBE3A [27], suggesting a

positive relationship between beta power and GABRB3/

GABRA5/GABRG3 copy number. This finding, com-

bined with our findings herein (Fig. 4), suggest a

GABAergic mechanism for the Dup15q syndrome beta

EEG phenotype. Thus, beta activity in Dup15q syndrome

may be functionally different than beta activity linked to

attention and cognition in other populations.
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Given that our study provides additional evidence that

altered GABAergic signaling is a likely mechanism of

the beta EEG phenotype in Dup15q syndrome, this

phenotype may be used as a quantitative biomarker that

reflects GABAergic dysfunction in Dup15q syndrome

and other forms of ASD. Many clinical features of

Dup15q syndrome are associated with altered excitatory/

inhibitory balance, including ID [86, 87], ASD [88–90],

and seizures [91, 92]. This motivates a clear readout of

GABAergic tone in Dup15q syndrome. Moreover, it is

known that children with Angelman syndrome have

both a more severe clinical phenotype [34–37] and, as

mentioned above, an altered beta EEG phenotype likely

related to GABAA receptor subunit genes [27]. Based on

this observation, it is likely that beta power is directly re-

lated to GABAergic dysfunction and indirectly related to

clinical phenotype in Dup15q syndrome and other neu-

rodevelopmental disorders.

These putative GABAergic mechanisms underlying the

Dup15q syndrome beta EEG phenotype open new doors

to markers of pathophysiology and drug target engage-

ment in Dup15q syndrome. Unlike the search for bio-

markers in nonsyndromic ASD, here, we have identified

an electrophysiological signature that has a plausible

mechanism. Specifically, the molecular efficacy of drug

treatments designed to correct excitatory/inhibitory bal-

ance in Dup15q syndrome by targeting GABA neuro-

transmission could be assessed using the beta biomarker,

with changes in beta power or peak frequency serving as

a robust marker of drug target engagement. Circuit

changes that precede behavioral changes could also be

measured using the beta biomarker, thus allowing inves-

tigators to evaluate the success of short trials that pre-

clude observation of long-term behavioral changes. To

this end, future work will explore the relationship be-

tween the beta EEG phenotype and clinical phenotypes

in Dup15q syndrome using larger Dup15q syndrome

cohorts including children with epilepsy who were ex-

cluded from this study.

Limitations and future directions

We acknowledge several factors that often limit studies of

rare conditions. (1) The healthy adult participants do not

overlap in age with the Dup15q syndrome reference co-

hort, which is comprised entirely of children. (2) EEG data

were acquired from healthy adults and children with

Dup15q syndrome using different systems. These incon-

gruencies between cohorts preclude a direct statistical

comparison. (3) Furthermore, our conclusions are not for-

mal inferences and do not prove that the mechanism

underlying the Dup15q syndrome beta EEG phenotype is

GABAergic. (4) Postmortem brain studies, limited by

small samples, have yet to demonstrate a significant over-

expression of the GABRB3/GABRA5/GABRG3 gene

cluster in Dup15q syndrome [46–48]. (5) Parent-of-origin

data was not available for most reference cohort partici-

pants. However, because the GABRB3/GABRA5/GABRG3

gene cluster is non-imprinted, the possible inclusion of

paternal duplications in our reference cohort does not

weaken our conclusions in any way. (6) Finally, although

UBE3A is paternally silenced in most neurons, it is

expressed biallelically in astrocytes [93]. This consider-

ation may challenge the validity of paternal Dup15q syn-

drome as a UBE3A-normal control group. Nonetheless,

the milder clinical phenotype of paternal Dup15q syn-

drome strongly suggests minimal UBE3A-related path-

ology in paternal duplications.

This work necessitates some future directions to con-

firm the promising conclusions drawn here. First, larger

cohorts of children with paternal Dup15q syndrome

should be examined with EEG, and this goal has

prompted the development of a new pipeline, in partner-

ship with the Dup15q Alliance, to upload and analyze

data from clinically acquired EEGs in children with

Dup15q syndrome. The role of UBE3A in EEG pheno-

type should also be examined in Prader-Willi syndrome,

another 15q disorder caused by deletions/uniparental di-

somy of the paternal/maternal allele [94], the opposite of

Angelman syndrome. In the future, we will examine Pra-

der Willi syndrome to further disentangling the electro-

physiological roles of UBE3A and GABRB3/GABRA5/

GABRG3. Furthermore, future studies in patient-derived

induced pluripotent stem cell cultures or Dup15q

syndrome animal models should individually knockdown

GABRB3, GABRA5, and GABRG3. Abolishing a

Dup15q-like electrophysiological phenotype in these

models through gene knockdown would demonstrate

that one or more of these genes are necessary for the

phenotype. Finally, we advocate for future studies ex-

ploring an expectedly milder beta EEG phenotype in

cases of nonsyndromic ASD, in which GABAergic eti-

ology is frequently implicated [9, 67, 95, 96].

Conclusions

Quantitative biomarkers, rooted in mechanism and thus

positioned to guide clinical trials, are greatly needed in

neurodevelopmental disorders such as ASD. Here, we

gained valuable insights into the mechanism of a robust

EEG biomarker of Dup15q syndrome. This biomarker

cannot be easily explained by elevated UBE3A levels per

se but can be recapitulated by GABAergic modulation in

healthy adults, suggesting that the phenotype might be a

readout of increased GABAA activity or sensitivity to

GABA in Dup15q syndrome. Our work is an important

step towards rooting the Dup15q syndrome biomarker

in a molecular mechanism and facilitating its application

in upcoming clinical trials.

Frohlich et al. Molecular Autism           (2019) 10:29 Page 12 of 15



Additional file

Additional file 1: Supplementary material. (DOCX 944 kb)

Abbreviations

ADHD: Attention deficit hyperactivity disorder; ADOS: Autism diagnostic

observation schedule; ASD: Autism spectrum disorder; Dup15q

syndrome: Duplication 15q11.2-q13.1 syndrome; EGI: Electrical Geodesics, Inc;

EEG: Electroencephalogram; FBPF: Frontal beta peak frequency; GABAA: Gamma-

aminobutyric acid type-A; HD: High density; iPSC: Induced pluripotent stem cell;

IRB: Institutional Review Board; PAM: Positive allosteric modulator; PSD: Power

spectral density; TD: Typically developing; UCLA: University of California, Los

Angeles

Acknowledgements

We warmly thank all participants who made this research possible. We also

thank Pilar Garces for her contributions to code that was used in the

preprocessing pipeline.

Authors’ contributions

JF processed and analyzed the data from children. JF and JFH produced the

figures. JFH processed data from healthy adults and wrote the code for the in-

house preprocessing tools and frequency transform. JF wrote the manuscript. JF,

JFH, AI, and SSJ planned and conceptualized the study. LTR contributed EEG data

from 801-015 and phenotype data for both paternal Dup15q syndrome cases. VS,

CD, CH, and SH collected data from children through UCLA. JF, LTR, SC, CB, PG, AI,

RO, JFH, and SSJ contributed to the interpretation of the results. SSJ and JFH

supervised the study. All authors read and approved the final manuscript.

Funding

This work was supported by U54 HD87101 (Golshani and Jeste), R01MH101198

(Golshani), Foundation for Prader-Willi Research grant #20160852 (Bearden),

the Dup15q Alliance 2014460 (Jeste), and the Shainberg Neuroscience

Fund (Reiter).

Availability of data and materials

EEG data from Dup15q syndrome and TD control children are available from

the corresponding author on reasonable request.

Ethics approval and consent to participate

All EEG studies and analyses were performed with institutional review board

(IRB) and/or National Research Ethics Service approval.

Consent for publication

Not applicable

Competing interests

Joel Frohlich is a former employee of F. Hoffmann-La Roche Ltd. (October

2016 – July 2017). Stormy Chamberlain has received research funding from

Levo Therapeutics. Joerg F. Hipp is an employee of F. Hoffmann-La Roche

Ltd. Shafali Jeste: serves as a consultant for and has received funding from F.

Hoffmann-La Roche Ltd. and Yamo Pharmaceuticals. All the other authors

declare that they have no competing interests.

Author details
1Roche Pharma Research and Early Development, Neuroscience,

Ophthalmology and Rare Diseases, Roche Innovation Center Basel, Basel,

Switzerland. 2Center for Autism Research and Treatment, University of

California Los Angeles, Semel Institute for Neuroscience, Los Angeles, CA

90024, USA. 3Department of Psychology, University of California Los Angeles,

3423 Franz Hall, Los Angeles, CA 90095, USA. 4Departments of Neurology,

Pediatrics and Anatomy & Neurobiology, The University of Tennessee Health

Science Center, 855 Monroe Ave., Link, Memphis, TN 415, USA. 5McGill

University, MUHC Research Institute, 5252, boul. de Maisonneuve Ouest,

3E.19, Montreal, QC H4A 3S5, Canada. 6Genetics and Genome Sciences,

UConn Health, 400 Farmington Avenue, Farmington, CT 06030-6403, USA.
7Department of Psychiatry and Biobehavioral Sciences and Department of

Psychology, University of California Los Angeles, Suite A7-460, 760 Westwood

Plaza, Los Angeles, CA 90095, USA. 8Department of Neurology and

Psychiatry, David Geffen School of Medicine, 710 Westwood Plaza, Los

Angeles, CA 90095, USA. 9Leonard Davis School of Gerontology, University of

Southern California, 3715 McClintock Ave., Suite 228C, California, Los Angeles

90089, USA. 10Department of Molecular and Medical Pharmacology, David

Geffen School of Medicine at UCLA, California, Los Angeles 90095, USA.

Received: 7 March 2019 Accepted: 11 June 2019

References

1. DiStefano C, Gulsrud A, Huberty S, Kasari C, Cook E, Reiter LT, et al.

Identification of a distinct developmental and behavioral profile in children

with Dup15q syndrome. J Neurodev Disord. 2016;8:19.

2. Finucane BM, Lusk L, Arkilo D, Chamberlain S, Devinsky O, Dindot S, et al.

15q duplication syndrome and related disorders. 2016;

3. Hogart A, Wu D, LaSalle JM, Schanen NC. The comorbidity of autism with

the genomic disorders of chromosome 15q11. 2-q13. Neurobiol Dis. 2010;

38:181–91.

4. Urraca N, Cleary J, Brewer V, Pivnick EK, McVicar K, Thibert RL, et al. The

Interstitial Duplication 15q11. 2-q13 Syndrome includes autism, mild facial

anomalies and a characteristic EEG signature. Autism Res. 2013;6:268–79.

5. Abrahams BS, Geschwind DH. Advances in autism genetics: on the

threshold of a new neurobiology. Nat Rev Genet. 2008;9:341.

6. Miao S, Chen R, Ye J, Tan G-H, Li S, Zhang J, et al. The Angelman syndrome

protein Ube3a is required for polarized dendrite morphogenesis in

pyramidal neurons. J Neurosci. 2013;33:327–33.

7. Smith SE, Zhou Y-D, Zhang G, Jin Z, Stoppel DC, Anderson MP. Increased

gene dosage of Ube3a results in autism traits and decreased glutamate

synaptic transmission in mice. Sci Transl Med. 2011;3:–103ra97.

8. Tanaka M, DeLorey TM, Delgado-Escueta A, Olsen RW. GABRB3, epilepsy,

and neurodevelopment; 2012.

9. Cook EH Jr, Lindgren V, Leventhal BL, Courchesne R, Lincoln A, Shulman C,

et al. Autism or atypical autism in maternally but not paternally derived

proximal 15q duplication. Am J Human Genet. 1997;60:928.

10. Albrecht U, Sutcliffe JS, Cattanach BM, Beechey CV, Armstrong D, Eichele G,

et al. Imprinted expression of the murine Angelman syndrome gene,

Ube3a, in hippocampal and Purkinje neurons. Nat Genet. 1997;17:75–8.

11. Yamasaki K, Joh K, Ohta T, Masuzaki H, Ishimaru T, Mukai T, et al. Neurons

but not glial cells show reciprocal imprinting of sense and antisense

transcripts of Ube3a. Human Mol Genet. 2003;12:837–47.

12. Guffanti G, Lievers LS, Bonati MT, Marchi M, Geronazzo L, Nardocci N, et al.

Role of UBE3A and ATP10A genes in autism susceptibility region 15q11-q13

in an Italian population: a positive replication for UBE3A. Psychiatry Res.

2011;185:33–8.

13. Nurmi EL, Bradford Y, Chen Y, Hall J, Arnone B, Gardiner MB, et al. Linkage

disequilibrium at the Angelman syndrome gene UBE3A in autism families.

Genomics. 2001;77:105–13.

14. Dindot SV, Antalffy BA, Bhattacharjee MB, Beaudet AL. The Angelman

syndrome ubiquitin ligase localizes to the synapse and nucleus, and

maternal deficiency results in abnormal dendritic spine morphology.

Human Mol Genet. 2007;17:111–8.

15. Al Ageeli E, Drunat S, Delanoë C, Perrin L, Baumann C, Capri Y, et al.

Duplication of the 15q11-q13 region: clinical and genetic study of 30 new

cases. Eur J Med Genet. 2014;57:5–14.

16. Conant KD, Finucane B, Cleary N, Martin A, Muss C, Delany M, et al. A survey

of seizures and current treatments in 15q duplication syndrome. Epilepsia.

2014;55:396–402.

17. Battaglia A, Parrini B, Tancredi R. The behavioral phenotype of the idic (15)

syndrome. Wiley Online Library; 2010. p. 448–455.

18. Jeste SS, Frohlich J, Loo SK. Electrophysiological biomarkers of diagnosis

and outcome in neurodevelopmental disorders. Curr Opin Neurol. 2015.

19. Frohlich J, Senturk D, Saravanapandian V, Golshani P, Reiter LT, Sankar R,

et al. A quantitative electrophysiological biomarker of duplication 15q11. 2-

q13. 1 syndrome. PloS One. 2016;11:e0167179.

20. Kishino T, Lalande M, Wagstaff J. UBE3A/E6-AP mutations cause Angelman

syndrome. Nat Genet. 1997;15:70–3.

21. Dagli A, Buiting K, Williams C. Molecular and clinical aspects of Angelman

syndrome. Mol Syndromol. 2011;2:100–12.

22. Bird LM. Angelman syndrome: review of clinical and molecular aspects.

Appl Clin Genet. 2014;7:93.

23. Trillingsgaard A, Østergaard JR. Autism in Angelman syndrome: an

exploration of comorbidity. Autism. 2004;8:163–74.

Frohlich et al. Molecular Autism           (2019) 10:29 Page 13 of 15

https://doi.org/10.1186/s13229-019-0280-6


24. Thibert RL, Larson AM, Hsieh DT, Raby AR, Thiele EA. Neurologic

manifestations of Angelman syndrome. Pediatric Neurol. 2013;48:271–9.

25. Williams CA. Neurological aspects of the Angelman syndrome. Brain Dev.

2005;27:88–94.

26. Sidorov MS, Deck GM, Dolatshahi M, Thibert RL, Bird LM, Chu CJ, et al. Delta

rhythmicity is a reliable EEG biomarker in Angelman syndrome: a parallel

mouse and human analysis. J Neurodev Disord. 2017;9:17.

27. Frohlich J, Miller M, Bird LM, Garces P, Purtell H, Hoener MC, et al.

Electrophysiological phenotype in Angelman syndrome differs between

genotypes. Biol Psychiatry. 2019.

28. Cook EH Jr, Courchesne RY, Cox NJ, Lord C, Gonen D, Guter SJ, et al.

Linkage-disequilibrium mapping of autistic disorder, with 15q11-13 markers.

Am J Hum Genet. 1998;62:1077–83.

29. DeLorey T, Handforth A, Anagnostaras S, Homanics G, Minassian B,

Asatourian A, et al. Mice lacking the β3 subunit of the GABAA receptor have

the epilepsy phenotype and many of the behavioral characteristics of

Angelman syndrome. J Neurosci. 1998;18:8505–14.

30. Mesbah-Oskui L, Penna A, Orser BA, Horner RL. Reduced expression of

α5GABAA receptors elicits autism-like alterations in EEG patterns and sleep-

wake behavior. Neurotoxicol Teratol. 2017;61:115–22.

31. Møller RS, Wuttke TV, Helbig I, Marini C, Johannesen KM, Brilstra EH, et al.

Mutations in GABRB3 From febrile seizures to epileptic encephalopathies.

Neurology. 2017:10–1212.

32. Zurek AA, Kemp SW, Aga Z, Walker S, Milenkovic M, Ramsey AJ, et al.

α5GABAA receptor deficiency causes autism-like behaviors. Ann Clin Transl

Neurol. 2016;3:392–8.

33. Domino E, French J, Pohorecki R, Galus C, Pandit S. Further observations on

the effects of subhypnotic doses of midazolam in normal volunteers.

Psychopharmacol Bull. 1989;25:460–5.

34. Moncla A, Malzac P, Voelckel M-A, Auquier P, Girardot L, Mattei M-G, et al.

Phenotype–genotype correlation in 20 deletion and 20 non-deletion

Angelman syndrome patients. Eur J Hum Genet. 1999;7.

35. Lossie A, Whitney M, Amidon D, Dong H, Chen P, Theriaque D, et al.

Distinct phenotypes distinguish the molecular classes of Angelman

syndrome. J Med Genet. 2001;38:834–45.

36. Gentile JK, Tan W-H, Horowitz LT, Bacino CA, Skinner SA, Barbieri-Welge R,

et al. A neurodevelopmental survey of Angelman syndrome with genotype-

phenotype correlations. J Dev Behav Pediatr. 2010;31:592.

37. Minassian BA, Delorey TM, Olsen RW, Philippart M, Bronstein Y, Zhang Q,

et al. Angelman syndrome: correlations between epilepsy phenotypes and

genotypes. Ann Neurol. 1998;43:485–93.

38. Moeschler JB, Mohandas T, Hawk AB, Noll WW. Estimate of prevalence of

proximal 15q duplication syndrome. Am J Med Genet. 2002;111:440–2.

39. Isles AR, Ingason A, Lowther C, Walters J, Gawlick M, Stöber G, et al. Parental

origin of interstitial duplications at 15q11. 2-q13. 3 in schizophrenia and

neurodevelopmental disorders. PLoS Genet. 2016;12:e1005993.

40. Olkkola K, Ahonen J. Midazolam and other benzodiazepines. Modern

Anesthetics. Springer. 2008:335–60.

41. Hyvarinen A. Fast and robust fixed-point algorithms for independent

component analysis. IEEE Trans Neural Netw. 1999;10:626–34.

42. Jung T-P, Makeig S, Westerfield M, Townsend J, Courchesne E, Sejnowski TJ.

Removal of eye activity artifacts from visual event-related potentials in

normal and clinical subjects. Clin Neurophysiol. 2000;111:1745–58.

43. Tallon-Baudry C, Bertrand O, Delpuech C, Pernier J. Oscillatory γ-band (30–70 Hz)

activity induced by a visual search task in humans. J Neurosci. 1997;17:722–34.

44. Buzsáki G, Draguhn A. Neuronal oscillations in cortical networks. Science.

2004;304:1926–9.

45. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and

powerful approach to multiple resting. J R Stat Soc Series B. 1995;57:289–300.

46. Parikshak NN, Swarup V, Belgard TG, Irimia M, Ramaswami G, Gandal MJ,

et al. Genome-wide changes in lncRNA, splicing, and regional gene

expression patterns in autism. Nature. 2016;540:423.

47. Scoles HA, Urraca N, Chadwick SW, Reiter LT, LaSalle JM. Increased copy

number for methylated maternal 15q duplications leads to changes in gene

and protein expression in human cortical samples. Mol Autism. 2011;2:19.

48. Urraca N, Hope K, Victor AK, Belgard TG, Memon R, Goorha S, et al.

Significant transcriptional changes in 15q duplication but not Angelman

syndrome deletion stem cell-derived neurons. Mol Autism. 2018;9:6.

49. Mandema JW, Danhof M. Electroencephalogram effect measures and

relationships between pharmacokinetics and pharmacodynamics of

centrally acting drugs. Clin Pharmacokinet. 1992;23:191–215.

50. van Lier H, Drinkenburg WH, van Eeten YJ, Coenen AM. Effects of diazepam

and zolpidem on EEG beta frequencies are behavior-specific in rats.

Neuropharmacology. 2004;47:163–74.

51. Visser S, Wolters F, Van Der Graaf P, Peletier L, Danhof M. Dose-dependent

EEG effects of zolpidem provide evidence for GABAA receptor subtype

selectivity in vivo. J Pharmacol Exp Ther. 2003;304:1251–7.

52. Christian EP, Snyder DH, Song W, Gurley DA, Smolka J, Maier DL, et al. EEG-

β/γ spectral power elevation in rat: a translatable biomarker elicited by

GABAAα2/3-positive allosteric modulators at nonsedating anxiolytic doses. J

Neurophysiol. 2014;113:116–31.

53. Kopp C, Rudolph U, Tobler I. Sleep EEG changes after zolpidem in mice.

Neuroreport. 2004;15:2299–302.

54. Kopp C, Rudolph U, Löw K, Tobler I. Modulation of rhythmic brain activity

by diazepam: GABAAreceptor subtype and state specificity. Proc Natl Acad

Sci. 2004;101:3674–9.

55. Myers JF, Comley RA, Gunn RN. Quantification of [11C] Ro15-4513 GABAAα5

specific binding and regional selectivity in humans. J Cereb Blood Flow

Metab. 2017;37:2137–48.

56. Lingford-Hughes A, Hume SP, Feeney A, Hirani E, Osman S, Cunningham VJ,

et al. Imaging the GABA-benzodiazepine receptor subtype containing the

α5-subunit in vivo with [11C] Ro15 4513 positron emission tomography. J

Cereb Blood Flow Metab. 2002;22:878–89.

57. McGinnity CJ, Barros DAR, Rosso L, Veronese M, Rizzo G, Bertoldo A, et al.

Test-retest reproducibility of quantitative binding measures of [11C] Ro15-

4513, a PET ligand for GABAA receptors containing alpha5 subunits.

NeuroImage. 2017;152:270–82.

58. Buiting K, Williams C, Horsthemke B. Angelman syndrome—insights into a

rare neurogenetic disorder. Nat Rev Neurol. 2016;12:nrneurol–2016.

59. DuBose AJ, Johnstone KA, Smith EY, Hallett RA, Resnick JL. Atp10a, a gene

adjacent to the PWS/AS gene cluster, is not imprinted in mouse and is

insensitive to the PWS-IC. Neurogenetics. 2010;11:145–51.

60. Hogart A, Patzel KA, LaSalle JM. Gender influences monoallelic expression of

ATP10A in human brain. Human Genet. 2008;124:235–42.

61. Schaefer GB, Mendelsohn NJ. Clinical genetics evaluation in identifying the

etiology of autism spectrum disorders: 2013 guideline revisions. Genet Med.

2013;15:399.

62. Tammimies K, Marshall CR, Walker S, Kaur G, Thiruvahindrapuram B, Lionel

AC, et al. Molecular diagnostic yield of chromosomal microarray analysis

and whole-exome sequencing in children with autism spectrum disorder.

JAMA. 2015;314:895–903.

63. Moreno-De-Luca D, Sanders S, Willsey A, Mulle J, Lowe J, Geschwind D,

et al. Using large clinical data sets to infer pathogenicity for rare copy

number variants in autism cohorts. Mol Psychiatry. 2013;18:1090.

64. Sesarini CV, Costa L, Grañana N, Coto MG, Pallia RC, Argibay PF. Association

between GABA (A) receptor subunit polymorphisms and autism spectrum

disorder (ASD). Psychiatry Res. 2015;229:580–2.

65. Collins AL, Ma D, Whitehead PL, Martin ER, Wright HH, Abramson RK, et al.

Investigation of autism and GABA receptor subunit genes in multiple ethnic

groups. Neurogenetics. 2006;7:167–74.

66. Martin ER, Menold M, Wolpert C, Bass M, Donnelly S, Ravan S, et al. Analysis

of linkage disequilibrium in γ-aminobutyric acid receptor subunit genes in

autistic disorder. Am J Med Genet. 2000;96:43–8.

67. Buxbaum J, Silverman J, Smith C, Greenberg D, Kilifarski M, Reichert J, et al.

Association between a GABRB3 polymorphism and autism. Mol Psychiatry.

2002;7:311.

68. McCauley JL, Olson LM, Delahanty R, Amin T, Nurmi EL, Organ EL, et al. A

linkage disequilibrium map of the 1-Mb 15q12 GABAA receptor subunit

cluster and association to autism. Am J Med Genet Part B: Neuropsychiatric

Genet. 2004;131:51–9.

69. Curran S, Powell J, Neale B, Dworzynski K, Li T, Murphy D, et al. An

association analysis of candidate genes on chromosome 15 q11–13 and

autism spectrum disorder. Mol Psychiatry. 2006;11:709.

70. Kim SA, Kim JH, Park M, Cho IH, Yoo HJ. Association of GABRB3

polymorphisms with autism spectrum disorders in Korean trios.

Neuropsychobiology. 2006;54:160–5.

71. Fatemi SH, Reutiman TJ, Folsom TD, Thuras PD. GABA A receptor downregulation

in brains of subjects with autism. J Autism Dev Disord. 2009;39:223.

72. Fatemi SH, Reutiman TJ, Folsom TD, Rooney RJ, Patel DH, Thuras PD.

mRNA and protein levels for GABA A α4, α5, β1 and GABA B R1

receptors are altered in brains from subjects with autism. J Autism Dev

Disord. 2010;40:743–50.

Frohlich et al. Molecular Autism           (2019) 10:29 Page 14 of 15



73. Fatemi SH, Reutiman TJ, Folsom TD, Rustan OG, Rooney RJ, Thuras PD.

Downregulation of GABA A receptor protein subunits α6, β2, δ, ε, γ2, θ, and

ρ2 in superior frontal cortex of subjects with autism. J Autism Dev Disord.

2014;44:1833–45.

74. Mori T, Mori K, Fujii E, Toda Y, Miyazaki M, Harada M, et al. Evaluation of the

GABAergic nervous system in autistic brain: 123I-iomazenil SPECT study.

Brain Dev. 2012;34:648–54.

75. Yang S, Guo X, Dong X, Han Y, Gao L, Su Y, et al. GABA A receptor subunit

gene polymorphisms predict symptom-based and developmental deficits in

Chinese Han children and adolescents with autistic spectrum disorders. Sci

Rep. 2017;7:3290.

76. Murias M, Webb SJ, Greenson J, Dawson G. Resting state cortical

connectivity reflected in EEG coherence in individuals with autism. Biol

Psychiatry. 2007;62:270–3.

77. Coben R, Clarke AR, Hudspeth W, Barry RJ. EEG power and coherence in

autistic spectrum disorder. Clin Neurophysiol. 2008;119:1002–9.

78. Orekhova EV, Stroganova TA, Nygren G, Tsetlin MM, Posikera IN, Gillberg C,

et al. Excess of high frequency electroencephalogram oscillations in boys

with autism. Biol Psychiatry. 2007;62:1022–9.

79. Cantor DS, Thatcher RW, Hrybyk M, Kaye H. Computerized EEG analyses of

autistic children. J Autism Dev Disord. 1986;16:169–87.

80. Wang J, Barstein J, Ethridge LE, Mosconi MW, Takarae Y, Sweeney JA.

Resting state EEG abnormalities in autism spectrum disorders. J Neurodev

Disord. 2013;5:24.

81. Putman P, Verkuil B, Arias-Garcia E, Pantazi I, van Schie C. EEG theta/beta ratio as

a potential biomarker for attentional control and resilience against deleterious

effects of stress on attention. Cogn Affect Behav Neurosci. 2014;14:782–91.

82. Wagner J, Makeig S, Gola M, Neuper C, Müller-Putz G. Distinct β band

oscillatory networks subserving motor and cognitive control during gait

adaptation. J Neurosci. 2016;36:2212–26.

83. Ray WJ, Cole HW. EEG alpha activity reflects attentional demands, and beta

activity reflects emotional and cognitive processes. Science. 1985;228:750–2.

84. Buffett-Jerrott S, Stewart S. Cognitive and sedative effects of benzodiazepine

use. Curr Pharm Des. 2002;8:45–58.

85. Summers JA, Allison D, Lynch P, Sandier L. Behaviour problems in

Angelman syndrome. J Intellect Disabil Res. 1995;39:97–106.

86. Souchet B, Guedj F, Sahún I, Duchon A, Daubigney F, Badel A, et al.

Excitation/inhibition balance and learning are modified by Dyrk1a gene

dosage. Neurobiol Dis. 2014;69:65–75.

87. Souchet B, Guedj F, Penke-Verdier Z, Daubigney F, Duchon A, Herault Y,

et al. Pharmacological correction of excitation/inhibition imbalance in Down

syndrome mouse models. Front Behav Neurosci. 2015;9:267.

88. Lee E, Lee J, Kim E. Excitation/inhibition imbalance in animal models of

autism spectrum disorders. Biol Psychiatry. 2017;81:838–47.

89. Rubenstein J, Merzenich MM. Model of autism: increased ratio of excitation/

inhibition in key neural systems. Genes Brain Behav. 2003;2:255–67.

90. Pizzarelli R, Cherubini E. Alterations of GABAergic signaling in autism

spectrum disorders. Neural Plasticity. 2011;2011.

91. Epilepsy FJ-M. E/I balance and GABAA receptor plasticity. Front Mol

Neurosci. 2008;1:5.

92. Stief F, Zuschratter W, Hartmann K, Schmitz D, Draguhn A. Enhanced

synaptic excitation–inhibition ratio in hippocampal interneurons of rats with

temporal lobe epilepsy. Eur J Neurosci. 2007;25:519–28.

93. Judson MC, Sosa-Pagan JO, Del Cid WA, Han JE, Philpot BD. Allelic

specificity of Ube3a expression in the mouse brain during postnatal

development. J Comp Neurol. 2014;522:1874–96.

94. Cassidy SB, Driscoll DJ. Prader–Willi syndrome. Eur J Human Genet. 2009;17:3.

95. McCauley JL, Olson LM, Delahanty R, Amin T, Nurmi EL, Organ EL, et al. A

linkage disequilibrium map of the 1-Mb 15q12 GABA(A) receptor subunit

cluster and association to autism. Am J Med Genet B Neuropsychiatr Genet.

2004;131B:51–9.

96. Menold MM, Shao Y, Wolpert CM, Donnelly SL, Raiford KL, Martin ER, et al.

Association analysis of chromosome 15 gabaa receptor subunit genes in

autistic disorder. J Neurogenet. 2001;15:245–59.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published

maps and institutional affiliations.

Frohlich et al. Molecular Autism           (2019) 10:29 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Recruitment and EEG acquisition
	Dup15q syndrome reference cohort
	TD control group
	Paternal Dup15q syndrome case studies
	Midazolam pharmaco-EEG
	EEG preprocessing
	Frequency transform and analysis
	Peak frequency extraction

	Results
	Dup15q syndrome reference cohort
	The Dup15q syndrome beta EEG phenotype resembles the effects of pharmacological GABAA modulation
	The beta EEG phenotype is observed in paternal Dup15q syndrome
	Paternal Dup15q participant 801-005
	Paternal Dup15q participant 801-015
	Beta peaks in paternal Dup15q syndrome resemble those in Dup15q syndrome reference cohort

	Discussion
	GABAA receptor modulation resembles the beta EEG phenotype in healthy adults
	Elevated UBE3A is not necessary for the Dup15q syndrome EEG phenotype
	Towards quantitative biomarkers of neurodevelopmental disorders for drug development and clinical trials
	Limitations and future directions

	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

