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Abstract—Rett syndrome is a neurodevelopmental condition
caused by mutations in the gene encoding methyl CpG-binding
protein 2 (MeCP2). Seizures are often associated with Rett
syndrome and can be observed in intracranial
electroencephalogram (iEEG) recordings. To date most studies
have focused on the low frequencies oscillations (LFOs),
however recent findings in epilepsy studies link high frequency
oscillations (HFQOs) with epileptogenesis. In this study, we
examine the presence of HFOs in the male and female MeCP2-
deficient mouse models of Rett syndrome and their interaction
with the LFOs present during seizure-like events (SLEs). Our
findings indicate that HFOs (200-600 Hz) are present during
the SLEs and in addition, we reveal strong phase-amplitude
coupling between LFOs (6-10 Hz) and HFOs (200-600 Hz)
during female SLEs in the MeCP2-deficient mouse model.

I. INTRODUCTION

ETT syndrome is an X-linked neurodevelopmental

disorder that primarily affects females[1]. Symptoms
typically begin to manifest between 6 and 18 months of age,
and may progress to include impairment of cognitive and
motor abilities, breathing irregularities, gastrointestinal
abnormalities, bone density deficits, social withdrawal and
intractable seizures, among others[1].

Mutations in the X-linked gene encoding methyl-CpG-
binding protein 2 (MeCP2)[2] have been found to be the
leading cause of Rett Syndrome. Mouse models have been
generated that lack Mecp2 function and reproduce clinical
features of Rett Syndrome[3]. To date there have been
limited intracranial electroencephalography (iEEG) studies
done on these mice, with their focus being primarily on the
low frequency oscillations (LFOs). These studies have
revealed the presence of short, spontaneous epileptiform
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discharges or SLEs that occur as LFOs[4, 5], however,
HFOs have not been studied in the MeCP2-deficient mouse
model.

In studies on epilepsy, HFOs have been found to occur
during seizures[6], and to be indicators of the seizure onset
zone[7]. It has also been shown that as antiepileptic
medication was reduced, the occurrence of HFOs
increased[8]. Hence, further characterization of differences
in HFOs and their cross-frequency coupling may be
important in determining the mechanisms of seizure genesis.

In this study, we identify the existence of HFOs and
examine cross-frequency interactions of HFOs with LFOs
using the modulation index (MI) in order to bridge the gap
between epilepsy and Rett.

II. METHODS

A. Animal Subjects

All experimental procedures were reviewed and approved
by the Canadian Council on Animal Care and local Animal
Care Committees. Subjects were derived by crossing female
Mecp2*” mice (Mecp2™-'®™ Jackson Laboratory, Bar
Harbor, ME) with male wild-type mice described previously
[9, 10] to generate experimental subjects of both genders. In
total there are (n=8) male MeCP2™”, and (n=5) female
Mecp2™ subjects. All subjects were maintained on a pure
C57BL/6 background. While none of the mutant animals
were immobile or displayed moribund appearances, each
displayed a clear hind limb elevation reflex impairment
indicating the presence of Rett-like symptoms[9, 10].

B. iEEG Recording Setup

Male MeCP2™, and female Mecp2”* mice were implanted
with electrode cap assemblies as described previously[11].
MeCP2-deficient mice were anaesthetized under 2-4%
isoflurane through inhalation. Polyimide-insulated stainless
steel electrodes were implanted in the hippocampus CAl
(bregma, -2.3 mm; lateral, 1.7 mm; depth, 2.0 mm). A
reference electrode was implanted in the frontal cortex
(bregma, -3.8 mm; lateral 1.8 mm; depth, 1.5 mm). Female
mice were implanted after 250 days of age, which
corresponds to the time when symptoms begin to manifest.
Male mice were implanted between 40 and 60 days of age,
shortly after symptom onset. Mice were given at least 7 days
for recovery after surgery before iEEG recordings were
taken.

Implanted electrodes were connected to two independent
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Fig. 1. LFO-HFO modulation in MeCP2-deficient mice A) Normalized frequency time distribution (FTD) shows MeCP2-deficient females have HFO
presence in the 200-600 Hz range co-occurring with LFO in the 6-10 Hz range. Red box shows zoomed in portion of a female SLE highlighting the HFOs.
B) Raw in-vivo EEG recording for male and female MeCP2-deficient mice with the zoomed in portion to the right. C) The extracted high and low frequency
IMFs encompassing the HFO and LFO ranges respectively. The zoomed in portion to the right shows that female HFO bursts are modulated to the peaks of
the low frequency. D) LFO-HFO modulation index between the low and high frequency IMFs shows increased modulation in females during an SLE event,
and no change for males during the SLE event. E) Modulation Index applied on the zoomed in SLE of the female MeCP2-deficient mouse with signals
extracted using continuous wavelet transform (CWT). The result shows LFO-HFO modulation, with LFO phase frequency centered around 7 to 9 Hz and
HFO amplitude frequency centered around 350 to S00Hz.
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head stages (Model-300, AM Systems, Inc., Carlsberg, WA,
USA). The head stages were connected to the electrode caps
of the mice using soft wires and female pins. iEEG signals
were amplified 1000x, bandpass-filtered (0.01 — 1000 Hz)
and digitized (Digidata 1300, Axon Instruments,
Weatherford, TX, USA). Data were sampled at 60 kHz and
stored using Clampfit 10.2 software (Axon Instruments).
Recordings sessions varied from 30 min to 3 h to observe all
of the behavior states. Subjects were recorded a minimum of
3 times over a 4-6 week period.

C. iEEG Data Analysis

Data were downsampled to 4k Hz using Matlab 2011a.
Large amplitude EMG spikes and 60 Hz power artifacts
were removed from the recordings. Segments of large
amplitude EMG spikes were removed by using a threshold
of ImV. Two second segments centered on artifact were
removed. 60 Hz power and corresponding harmonics were
notch filtered using Matlab 2011a’s FIR filter with a +/- 0.5
Hz cutoff.

To examine time-frequency characteristics, a continuous
wavelet transform (CWT) was applied on 5 seconds of EEG
recordings centered on epileptiform discharges to obtain the
frequency time distribution (FTD). The wavelet basis
function used was Matlab 2011a’s cmor6-0.8125 from the
Morlet family of functions. The frequencies of interest were
1 to 600 Hz with a 1 Hz step size. To observe
simultaneously the high and low frequencies, normalization
was applied by dividing the wavelet coefficients along each
frequency time-series by the mean of a two second segment
prior to an epileptiform discharge.

D. Automated SLE Detections

Automated SLE detection was implemented similarly to
what was described previously[4, 12, 13]. The first stage
consisted of a 6-10 Hz FIR band pass filter to isolate the
frequency range associated with SLEs. The envelope was
then obtained by convolving a 200-point aperture with the
square of the filtered signal. Using a threshold it was
determined which time segments contained SLEs. The
threshold was set to five standard deviations from the mean
of each recording. Detected SLEs were visually inspected to
ensure detected SLEs met conditions of epileptiform
discharges outlined previously[4, 5, 14].

E. HFO and LFO Extraction

The HFOs and LFOs were extracted using ensemble
empirical-mode decomposition (EEMD)[15]. EEMD unlike
conventional filtering does not require band selection a
priori, but rather applies an unsupervised decomposition
technique to separate a signal into intrinsic mode functions
(IMFs). The decomposition is adaptive and dependant on
local time characteristics of the data, thus it well suited for
nonlinear and nonstationary signals.

In this study, EEMD was employed on non-overlapping
time windows of 2.5 seconds, with noise variance of o =
0.2, and over 100 iterations. This resulted in 13 IMFs, with

IMF1 being the highest frequency and IMF13 being the
lowest frequency. The HFOs (200 — 600 Hz frequency
range) were extracted by the 2" IMF; meanwhile the LFOs
(6 — 10 Hz frequency range) were contained by the 6™ and
7" IMFs. Hence, the 6™ and 7" IMFs were combined to
create the low frequency signal used in the modulation index
calculating analysis.

F. Modulation Index

The modulation index (MI) as described previously [16,
17], was used in this study to measure intra-electrode phase-
amplitude coupling between the hippocampal LFOs and
HFOs. The index was determined as follows: (i) the LFO
and HFO bands were extracted from the raw signal using
EEMD. The LFO corresponds to the combination of 6™ and
7™ IMFs and the HFO corresponds to the 2" IMF; (ii) next,
the Hilbert transform was applied to obtain the time series
phases of the low frequency signal and time series amplitude
envelope of the high frequency signal; (iii) the phases were
binned into 20 degree intervals, and the mean of the
envelope amplitudes over each phase bin was calculated;
(iv) the means corresponding to each bin were normalized
by the sum of the means over all bins, transforming the

mean amplitude per phase bin into a probability value p;,

where j indicates the phase bin number; (v) an Entropy
measure defined by:

N
H=-% pjlogp,;.

was determined, where N is equal to 18, which corresponds
to the number of phase bins; (vi) MI was then obtained by
normalizing H:
H -H
M[ =—mx
H

max

where M is the maximum possible entropy value, which

for a uniform distribution has a value H , =log N .

The only difference from the method described above was
that we applied a complex continuous wavelet transform
(CWT) (Matlab 2011°s cmor6-0.8125 basis function) to
extract the amplitude and phase signals used to generate
figure 1E. Furthermore, in this case it was not necessary to
apply Hilbert transform to obtain the phase and amplitude
time-series, as the CWT generated complex values for each
frequency time-series. The window size was set to one
second and was centered on the SLE. The amplitude
frequencies of interest were 1 to 600 Hz with a 1 Hz step
size. Similarly, the phase frequencies of interest were 1 to 20
Hz with a 1 Hz step size. All other MI results were obtained
using EEMD to extract the LFO and HFO signals.
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III. RESULTS

Normalized time frequency distribution (FTD) of male
and female MeCP2-deficient mice SLEs showed elevated
power in the 6-10 Hz (LFO) and 200-600 Hz (HFO)
frequency ranges (figure 1A). In addition, the HFO bursts in
the females occurred in phase with the LFO spikes as can be
seen in the zoomed in portion (figure 1A).

Further analysis using a combination of EEMD to
separate LFOs and HFOs (figure 1C), and modulation index
to quantify phase-amplitude modulation confirmed coupling
of the LFOs and HFOs in female MeCP2-deficient mice
during SLEs as seen in figure 1D by the rise in MI value.
This trend was seen across all of the female MeCP2-
deficient mice.

Complex CWT was applied on a female SLE as a
secondary measure of MI (see figure 1E). The results show
LFO-HFO modulation, with the strongest coupling occurring
between LFO phase frequencies centered between 7 to 9 Hz
and HFO amplitude frequencies centered around 350 to
500Hz.

IV. DIscUSSION

In this study we found evidence of HFOs during SLEs in
the MeCP2-deficient mouse model of Rett syndrome. This
goes in line with recent epilepsy studies which are
suggesting HFOs are important markers of seizure genesis
and can be used as indicators for seizure onset zones[7].

To better examine HFO interaction in the MeCP2-
deficient mouse model, we ran the EEMD to extract HFOs
and LFOs, and examined intra-electrode phase-amplitude
modulation using the modulation index (MI). The findings
revealed phase-amplitude coupling between the LFOs and
HFOs during SLEs, with coupling being more pronounced in
the female MeCP2-deficient mice than their male
counterparts.

Not all SLEs exhibited these modulations, or at the same
intensity, and in some SLEs the LFO-HFO modulation was
absent. Studies on the human epilepsy model have shown
increased HFO presence after medication reduction[8],
suggesting that further analysis of HFO interactions may be
important in determining the mechanism responsible for
seizure generation and termination.

Rett syndrome is a disorder that affects males and females
differently[1], and examining the LFO-HFO coupling
provides a method to quantify these differences.
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