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Abstract—Mutations in the X-linked gene encoding methyl 

CpG-binding protein 2 (MeCP2) have been linked to a 

neurodevelopmental disorder known as Rett syndrome. The 

disorder is associated with a number of symptoms, of which 

epileptic seizures are common. In this study we examined the 

presence of high frequency oscillations (HFOs) and their 

interactions with low frequency oscillations (LFOs) during 

epileptiform-like discharges using intracranial 

electroencephalogram (iEEG) recordings from male and female 

Mecp2-deficient mice. The study compared differences in mean 

HFO power levels normalized to baseline along with LFO-HFO 

modulation observed in short and long duration discharges. 

Short duration discharges, common to both male and female 

Mecp2-deficient mice, showed a decrease in mean HFO power 

levels compared to baseline levels. During the short duration 

discharges the theta (7-9 Hz)  LFOs were found to modulate 

fast ripple (350-500 Hz) HFOs predominantly in the female 

Mecp2-deficient mice. Long duration discharges, 

predominantly observed in male Mecp2-deficient mice, were 

found to have elevated mean power levels in the ripple (80-200 

Hz) and fast ripple (350-500 Hz) frequency ranges when 

compared to baseline. During the long duration discharges a 

lower frequency range theta LFO (4-6 Hz) modulated both the 

ripple (80-200 Hz) and fast ripple (350-500 Hz) HFOs. These 

findings suggest that the long duration discharges observed in 

male Mecp2-deficient mice share biomarkers indicative of 

seizure-like activity.  

I. INTRODUCTION 

ETT syndrome is a neurodevelopmental disorder linked 

to mutations in the gene encoding methyl-CpG-binding 

protein 2 (MeCP2)[1]. The clinical manifestation involves 

impairments of motor and cognitive abilities, breathing 

irregularities, gastrointestinal abnormalities, social 

withdrawal and intractable seizures, among others[2]. Rett 
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syndrome is estimated to occur in one out of every 10 000 

live female births, whereas with boys it leads to death or an 

extreme form of mental retardation[3].  

 Mecp2-deficient male and female mouse models have 

been generated that recapitulate many of the clinical features 

associated with Rett syndrome[4]. Due to Mecp2 being an 

X-linked gene, male Mecp2-deficient mice are more 

adversely affected than the female Mecp2-deficient mice [4, 

5]. Male Mecp2-deficient mice have a shorter lifespan and a 

greater phenotypic severity score compared to the female 

Mecp2-deficient mice[6].  

 Studies employing intracranial electroencephalogram 

(iEEG) recording devices have shown the presence of 

spontaneous short (less than 1 sec.) duration epileptiform-

like discharges in both male and female Mecp2-deficient 

mice occurring in the theta frequency band ranging from 6-9 

Hz [7, 8].  Long duration discharges (greater than 2 sec.)  

were commonly seen in the male Mecp2-deficient mice. The 

majority of iEEG studies on the Mecp2-deficient mice 

model have focused on low frequency oscillations (LFOs).  

 High frequency oscillations (HFOs) have only received 

marginal focus in Rett studies and as a result will be the 

primary focus in this study. Although HFOs have not been 

studied extensively on Rett models, they have received a 

great deal of attention in studies on epilepsy. Previously, it 

has been shown in clinical trials that HFOs occur during 

epileptic seizures [9], and are an indicator of the seizure 

onset zone[10]. Furthermore it has been shown that the level 

of seizure HFO activity can be affected by changes to 

antiepileptic medication dosages[11]. 

In this study we compared differences in mean HFO 

power along with LFO-HFO modulation index (MI) between 

short and long duration discharges recorded in male and 

female Mecp2-deficient mice. Our findings showed presence 

of increased mean HFO power during long duration 

discharges, suggesting the long duration discharges are 

seizure-like in nature. 

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
tm1.1Bird

, Jackson Laboratory, Bar 

Harbor, ME) with male wild-type mice described previously 

[12, 13] to generate experimental subjects of both genders. 
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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[12, 13]. 

B. iEEG Recording Setup 

Male Mecp2
-/y

, and female Mecp2
-/+

 mice were implanted 

with electrode cap assemblies as described previously[14]. 

Polyimide-insulated stainless steel electrodes were 

implanted in the hippocampus CA1 (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. 

C. Normalized Time Frequency Distributions  

Data preprocessing was applied as described previously 

[15]. Time-frequency distributions were examined using the 

continuous wavelet transform (CWT). The wavelet basis 

function used was Matlab 2011a’s cmor6-0.8125 from the 

Morlet family of functions. The CWT frequencies of interest 

ranged from 80 to 500 Hz with a 5 Hz step size. 

Normalization was achieved using zscore normalization 

across each wavelet frequency. The zscore mean and 

standard deviation were determined from a baseline signal 

approximately two seconds prior to discharge onset. 

Fig. 1. Comparison of normalized HFO power of short and long discharges in the male and female Mecp2-deficient mouse models of Rett syndrome.  A) 

Normalized spectrogram of the short duration discharges of female (left) and male (right) Mecp2-deficient mice. Shown to the right of each spectrogram is 

mean HFO power averaged over frequency (80 - 500 Hz) for the duration of the discharges. B) Time-series segments of the short duration discharges of the 
female (left) and male (right) Mecp2-deficient mice. Green line indicates the duration of the discharge. C) Normalized spectrogram of the male long duration 

discharge; accompanied by the mean HFO power averaged over frequency for the duration of the discharge. D) Time-series of a long duration discharge 

observed in a male Mecp2-deficient mice. 
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D. Automated Discharge Detection 

Automated discharge detection was implemented 

similarly to what was described previously[7, 15] with a 

minor charge to the filtering stage. The first stage (filtering 

stage) was changed to 4-10 Hz FIR band pass filter to isolate 

the frequency range associated with the short and long 

duration discharges observed in the male and female Mecp2-

deficient mice. A 200-point aperture was convolved with the 

square of the filtered signal to obtain the envelope of the 

filtered signal. Five standard deviations from the mean 

computed across the entire recording, was used as a 

threshold for discharge detection. Detected discharges were 

visually inspected to ensure they met conditions of 

epileptiform-like discharges outlined previously[7, 8, 16]. 

E. Modulation Index 

The modulation index (MI) was computed using the 

algorithm proposed by Tort et al. [17, 18], with the filtered 

phase and amplitude signals obtained from the CWT as 

described previously[15]. The frequency ranges used for the 

MI comodulogram plots were 80 to 500 Hz, with 5 Hz step 

size for the amplitude frequency, and 1 to 20 Hz with 1 Hz 

step size for the phase frequencies. 

III. RESULTS 

Comparison of normalized time frequency distribution of 

short duration discharges of female and male Mecp2-

deficient mice shows minor differences in HFO power 

(figure 1A, B). Both male and female  short duration 

discharges show reduced average power in comparison to 

the long duration discharges seen in the male Mecp2-

deficient mice (figure 1C, D). Specifically, long duration 

discharges showed an elevation mean power in the ripple (80 

- 200 Hz) and fast ripple (350 - 500 Hz) frequency ranges. 

Analysis of the modulation index for the short duration 

discharges of male and female Mecp2-deficient mice 

showed that males had reduced or no modulation (figure 

2B), whereas females had LFO-HFO modulation typically in 

Fig. 2. Comparison of LFO-HFO modulation computed on short and long duration discharges recorded in the male and female mouse models of Rett 

syndrome.  A) Time-series of a short duration discharge observed in a female Mecp2-deficient mouse. The modulation index is shown for three segments: 

pre, during and post discharge. LFO-HFO modulation is only present during the discharge period. B) Time-series of a typical male short duration discharge 
with the modulation index computed on segments:  pre, during and post discharge shown below. LFO-HFO modulation is absent pre, during and post 

discharge. C) Time-series of a long duration discharge observed in a male Mecp2-deficient mouse. LFO-HFO modulation was present during the discharge 

period and absent pre and post discharge. 
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the range of 7-9 Hz for the LFO and 350-500 Hz for the 

HFO (figure 2A). Long duration discharges observed in the 

male Mecp2-deficient mice showed LFO-HFO modulation 

with the LFO closer to the delta band, 4 - 6 Hz, modulating 

the HFO ripple, 80 - 200 Hz  and the HFO fast ripple, 350 - 

500 Hz frequency ranges (figure 2C). 

IV. CONCLUSION 

These findings revealed that there exist distinct 

differences between long duration and short duration 

discharges. Long duration discharges observed in the male 

Mecp2-deficient mice show increased mean power in the 

ripple and fast ripple frequency ranges. In addition, the long 

duration discharge LFO modulating signal is closer to delta 

and it modulates both the ripple and fast ripple.  Delta 

modulation of ripple and fast ripple HFOs has previously 

been documented in seizure state classification [19]. 

Furthermore increased HFO power in the ripple and fast 

ripple frequency bands has been identified as a biomarker of 

epileptic seizures[9, 10]. Hence the presence of elevated 

power and modulation of HFOs in long duration discharges 

could be an indication of seizure-like activity in the male 

Mecp2-deficient mice. 

Rett syndrome is a disorder that affects males and females 

differently[2]. In a recent study it has been shown that 

treatments applied to male Mecp2-deficient rescue mice has 

had varied success[6]. Although long duration discharges are 

more prevalent in male Mecp2-deficient mice, they are not 

found in all male mice, or in the same concentration. 

Future work will examine the prevalence and 

characteristics of HFOs in long and short duration 

discharges to assess their viability as biomarkers for 

treatment outcome.  
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