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Neuronal excitation-inhibition (E/I) imbalances are considered an important pathophysiological mechanism in neurodevelopmental disorders. Preclinical studies on tuberous sclerosis complex (TSC), suggest that altered chloride homeostasis may impair GABAergic inhibition and thereby E/I-balance regulation. Correction of chloride homeostasis may thus constitute a treatment target to alleviate behavioral symptoms. Recently, we showed that bumetanide—a chloride-regulating agent—improved behavioral symptoms in the open-label study Bumetanide to Ameliorate Tuberous Sclerosis Complex Hyperexcitable Behaviors trial (BATSCH trial; Eudra-CT: 2016-002408-13). Here, we present resting-state EEG as secondary analysis of BATSCH to investigate associations between EEG measures sensitive to network-level changes in E/I balance and clinical response to bumetanide. EEGs of 10 participants with TSC (aged 8–21 years) were available. Spectral power, long-range temporal correlations (LRTC), and functional E/I ratio (fE/I) in the alpha-frequency band were compared before and after 91 days of treatment. Pre-treatment measures were compared against 29 typically developing children (TDC). EEG measures were correlated with the Aberrant Behavioral Checklist-Irritability subscale (ABC-I), the Social Responsiveness Scale-2 (SRS-2), and the Repetitive Behavior Scale-Revised (RBS-R). At baseline, TSC showed lower alpha-band absolute power and fE/I than TDC. Absolute power increased through bumetanide treatment, which showed a moderate, albeit non-significant, correlation with improvement in RBS-R. Interestingly, correlations between baseline EEG measures and clinical outcomes suggest that most responsiveness might be expected in children with network characteristics around the E/I balance point. In sum, E/I imbalances pointing toward an inhibition-dominated network are present in TSC. We established neurophysiological effects of bumetanide although with an inconclusive relationship with clinical improvement. Nonetheless, our results further indicate that baseline network characteristics might influence treatment response. These findings highlight the possible utility of E/I-sensitive EEG measures to accompany new treatment interventions for TSC.

Clinical Trial Registration: EU Clinical Trial Register, EudraCT 2016-002408-13 (www.clinicaltrialsregister.eu/ctr-search/trial/2016-002408-13/NL). Registered 25 July 2016.
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INTRODUCTION

Tuberous sclerosis complex (TSC) is a monogenetic disorder characterized by a loss-of-function mutation in the mTOR pathway regulators TSC1 or TSC2 (tumor suppressor) genes. This mutation leads to multiorgan lesions, including brain tubers, and neuropsychiatric disorders (e.g., intellectual disability, ASD-related behavior and epilepsy) (Prather and de Vries, 2004; Curatolo et al., 2008; de Vries et al., 2015). With the recent development of mTOR inhibitors, a rational approach to alleviate both behavioral and epilepsy-related symptomatology became feasible (de Vries, 2010; Sahin, 2012; Krueger et al., 2013; Jülich and Sahin, 2014; Curatolo, 2015; Leclezio and de Vries, 2015). Yet, mTOR inhibitors have not consistently improved TSC phenotypes and the unknown long-term effects on normal development may limit their application (Sahin, 2012; Krueger et al., 2017; Overwater et al., 2019). Other targets to improve the behavioral symptoms in TSC are being considered, specifically, modulation of neuronal excitation-inhibition (E/I) balance.

Preclinical and clinical findings have implicated neuronal E/I imbalances in TSC pointing toward a reduced inhibition (White et al., 2001; Wang et al., 2007; Taki et al., 2009; Fu et al., 2012; Mori et al., 2012; Talos et al., 2012; Bateup et al., 2013; Aronica and Crino, 2014; Ruffolo et al., 2016; Nadadhur et al., 2019; Afshar Saber and Sahin, 2020; Haji et al., 2020). This may be important as E/I balance is a key principle for neuronal network organization and synchronization of neuronal oscillations, which are crucial for cognitive processes (e.g., cognitive integration, information processing, sensory binding, association, and memory) (Turrigiano and Nelson, 2004; Kinouchi and Copelli, 2006; Avramiea et al., 2020). In TSC knock-out (KO) mouse models, selective deletion of TSC1 in hippocampal pyramidal neurons resulted in deficits in the inhibitory synaptic function and an enhanced E/I ratio leading to hippocampal network hyperexcitability (Bateup et al., 2013). Other animal models with selective TSC1 gene deletion in interneuron progenitor cells resulted in reduced number of GABAergic interneurons in neocortical regions and hippocampus, altered interneuron migration and decreased seizure threshold (Fu et al., 2012). Similarly, TSC1 KO in medial ganglionic eminence (MGE)-derived (hippocampal) interneurons showed a reduction in synaptic inhibition of pyramidal cells by interneurons and associations with altered behavior in mice (Haji et al., 2020). In human tissue from the temporal lobe of a TSC patient, altered excitatory synaptic currents suggestive of ictal discharges favoring neocortical hyperexcitability and seizure generation have been reported (Wang et al., 2007). Interestingly, human-induced pluripotent stem cells (hiPSCs) from TSC patients have shown increased neuronal activity, measured by calcium transients, and higher spontaneous neuronal firing (Nadadhur et al., 2019; Afshar Saber and Sahin, 2020). Cortical tubers are a hallmark in TSC linked to epilepsy and neurobehavioral symptoms (Aronica and Crino, 2014). In humans, non-invasive measurements of GABA and glutamate levels in cortical tubers using MR spectroscopy revealed an excess of GABA molecules but decreased number of GABAA receptors (Taki et al., 2009; Mori et al., 2012). Pathological examination of cortical tuber tissue (postsurgical excision and postmortem) has shown decreased expression of GABAA receptor subunits (White et al., 2001; Talos et al., 2012). Importantly, tuberal tissue has shown overexpression of the chloride cotransporter NKCC1 and decreased KCC2 expression, leading to unwanted high neuronal chloride levels, and an aberrant depolarizing (excitatory) effect of GABAergic signaling (Talos et al., 2012; Ruffolo et al., 2016). As such, restoring the E/I balance in neuronal networks through chloride homeostasis regulation might be a promising treatment target to alleviate behavioral symptoms in TSC such as irritability, social, and repetitive behavior (Ben-Ari, 2017; Vlaskamp et al., 2017; van Andel et al., 2020).

Bumetanide, a safe diuretic drug candidate for ASD and epilepsy treatment (Kahle et al., 2009; Eftekhari et al., 2013; Lemonnier et al., 2017; Gharaylou et al., 2019; Kharod et al., 2019; Sprengers et al., 2020), is a selective antagonist of NKCC1. This agent may thus influence E/I-balance regulation via downregulation of intraneuronal chloride concentration, which in turn can shift GABA polarity from depolarizing (with excitatory activity) to hyperpolarizing (inhibitory activity) (Löscher et al., 2013; Ben-Ari, 2017; Kharod et al., 2019). Through this mechanism, it is hypothesized that bumetanide may be beneficial for neurodevelopmental disorders (e.g., epilepsy, ASD, and TSC) (Talos et al., 2012; Ben-Ari, 2017; Kharod et al., 2019; van Andel et al., 2020; Juarez-Martinez et al., 2021). In animal models, it has indeed been shown that bumetanide can reduce the frequency of epileptiform activity (Dzhala et al., 2008; Marguet et al., 2015; Auer et al., 2020). In a clinical setting, cases on reduction of seizure frequency after bumetanide treatment have been reported (Eftekhari et al., 2013; Gharaylou et al., 2019). Bumetanide also seemed to effectively revert GABA-mediated excitatory effects in human TSC dysplastic cortex (in vitro) (Talos et al., 2012). Importantly, in our open-label trial in children and adolescents with TSC, our group recently reported improvement in irritability, hyperactivity, social behavior, and quality of life after bumetanide treatment, although no changes in seizure frequency were noted (van Andel et al., 2020). In two other genetic models of ASD, bumetanide decreased neuronal chloride concentrations and restored GABA inhibitory activity, improving behavior (Tyzio et al., 2014). Furthermore, we and others showed beneficial effects of bumetanide on core symptomatology in children and adolescents with ASD (Lemonnier et al., 2012, 2017; Sprengers et al., 2020; Zhang et al., 2020), such as social responsiveness (Lemonnier et al., 2017) and repetitive behavior (Sprengers et al., 2020).

These neurological effects of bumetanide and their relation with clinical improvement are, however, disputed given its limited crossing of the blood-brain barrier and poor brain bioavailability (Puskarjov et al., 2014; Kharod et al., 2019). EEG measures that are sensitive to E/I-balance modulation may clarify the neurophysiological effects of bumetanide. Indeed, EEG measures are widely used to diagnose and monitor treatment effects in epilepsy. More recently, quantitative EEG has been increasingly used for monitoring neuropsychiatric disorders, including depression (Rajpurkar et al., 2020; Wu et al., 2020; Zhdanov et al., 2020) and in ASD trials (Wang et al., 2013; Jeste et al., 2015; Heunis et al., 2016). For instance, we and others have shown that functional E/I ratios (fE/I) in neuronal networks may be quantified using EEG (Bruining et al., 2020; Donoghue et al., 2020). fE/I, together with other measures of critical brain dynamics, such as power and long-range temporal correlations (LRTC), have shown sensitivity to E/I changes in disorders such as ASD and epilepsy, and responsive to pharmacological intervention (Monto et al., 2007; Smith et al., 2017; Bruining et al., 2020). Importantly, using this novel resting-state EEG analysis, we recently confirmed placebo-controlled neurophysiological effects of bumetanide in a cohort with ASD (Juarez-Martinez et al., 2021). Here, we used these measures to investigate network-level E/I imbalances in TSC before and after bumetanide treatment, hypothesizing that TSC would show a reduced inhibitory activity, which could be restored by bumetanide. Then we investigated the relationship between bumetanide’s neurophysiological effects and clinical outcomes.



METHODS


Study Design and Participants

This study is a secondary analysis of the Bumetanide to Ameliorate Tuberous Sclerosis Complex Hyperexcitable Behaviors trial (BATSCH trial; Eudra-CT 2016-002408-13), a single-center, open-label pilot study testing the effect of bumetanide (twice-daily up to 1.0 mg) in patients with TSC. Detailed description of the protocol and clinical effects have been published previously (van Andel et al., 2020). Briefly, participants were recruited from March 2017 to April 2018 at the UMC Utrecht, Netherlands. The trial included participants aged 8–21 years with a definite TSC diagnosis (genetic or clinical according to the 2012 International Tuberous Sclerosis Complex Consensus Conference) (Northrup and Krueger, 2013). Intellectual disability and concomitant use of antiepileptic and psychoactive drugs were allowed. Outcomes were assessed at pretreatment (D0), after 91 days of treatment (D91), and after a 28-day washout period (D119). Clinical outcome measures included were the Aberrant Behavior Checklist-Irritability subscale (ABC-I; range 0-45, higher score is more affected) (Aman et al., 1985), Social Responsiveness Scale-2 (SR-2; total raw score; range 0-195; higher score indicates more affected) (Constantino et al., 2003), the Repetitive Behavior Scale-Revised (RBS-R; total raw score; range 0-129, higher score indicates more affected) (Lam and Aman, 2007) and resting-state EEG recordings.

EEG recordings from typically developing children (TDC) collected between 2015 and 2018 at the Department of Psychiatry, UMC Utrecht were also included to compare their measures against the pretreatment TSC sample. The TDC group (7–16 years old and IQ > 55) had no history of medical, developmental or learning problems and were medication-free. The study was approved by the medical ethical committee of the UMC Utrecht and conducted in accordance with the provisions of the Declaration of Helsinki. All participants or their legal guardians signed informed consent.



EEG Recordings and Pre-processing

EEGs for the TSC and TDC samples were recorded in the morning during 5 min of eyes-closed rest (in a quiet EEG room) with a 64-channel BioSemi EEG system (sampling rate 2,048 Hz). EEG analyses were carried out using the Neurophysiological Biomarker Toolbox1 and custom-made scripts (Hardstone et al., 2012). All recordings were manually cleaned for artifacts and re-referenced to the average reference. After pre-processing, on average 234 s per recording (140–302 s) were available for analysis for the TSC sample. For the TDC sample, on average 242 s per recording (156–307 s) were available for analysis.



EEG Analysis

We focused on alpha-band oscillations (8–13 Hz) due to their relevance for healthy neuronal network development and cognitive function (Palva and Palva, 2007) and their clear disruption in neurodevelopmental disorders (Wang et al., 2013; Dickinson et al., 2019). Computational neuronal network models generating alpha-band oscillations have shown that measures such as amplitude, frequency, temporal correlations, and fE/I are sensitive to changes in excitation/inhibition ratios (Poil et al., 2020; Bruining et al., 2020). Specifically, network oscillations have shown an increasing E/I ratio when the amplitude increases, whereas the temporal complexity of amplitude fluctuations – as reflected in long-range temporal auto-correlations (LRTC) – peak in an E/I-balanced network (Linkenkaer-Hansen et al., 2001; Hardstone et al., 2012). Additionally, a novel functional measure of E/I ratio (fE/I) showed responsivity to pharmacological intervention and a large heterogeneity in an ASD sample (Bruining et al., 2020). We hypothesized that these EEG measures could capture the neurophysiological changes induced by bumetanide in the TSC sample and would relate to the behavioral changes after treatment (Poil et al., 2020; Bruining et al., 2020).


Power and Frequency

A FIR-filter was applied to the EEG signal to extract the alpha-frequency band (8–13 Hz). Spectral power was computed using the Welch method with an 8192-point Blackman window and a frequency resolution of 0.12 Hz.



Temporal Structure

Neuronal oscillations exhibit complex fluctuations in amplitude that are characterized by a power-law decay of auto-correlations, also known as LRTC (Linkenkaer-Hansen et al., 2001). Computational modeling has shown that the strength of LRTC is influenced by the balance between excitatory and inhibitory signaling in the network producing the oscillations (Poil et al., 2020). We used DFA to quantify LRTC in the amplitude modulation of alpha oscillations in the time range of seconds to tens of seconds (Peng et al., 1995). The amplitude envelope of the alpha oscillations was extracted using the Hilbert transform applied to the FIR-filtered signals in the 8–13 Hz band. The analytical steps to quantify LRTC using DFA have been explained in detail previously (Linkenkaer-Hansen et al., 2001; Hardstone et al., 2012). Here, we used a standard assessment of the strength of LRTC on time scales from 2 to 20 s, which is reflected in the so-called “DFA exponent.” An exponent of 0.5 characterizes an uncorrelated signal whereas an exponent in the interval of 0.5–1.0 indicate LRTC with larger exponents indicating stronger correlations.



Functional Excitation/Inhibition Ratio

The algorithm for estimating E/I ratio was derived from the Critical Oscillations (CROS) model of ongoing neuronal activity (Poil et al., 2020), where strong associations are observed between the structural excitation/inhibition ratios, oscillation amplitude, and LRTC. From these observations, a functional form of E/I ratio (fE/I) can be estimated from the covariance of amplitude and LRTC within a signal (Bruining et al., 2020). This method was validated using pharmacological manipulation in healthy subjects using a GABAergic drug (zolpidem), corroborating a reduction of fE/I ratios after the drug administration, and already tested in an ASD sample supporting the notion of large heterogeneity in E/I ratios (for details see Bruining et al., 2020). The analytical steps for the algorithm are as follows: to test the relationship between the amplitude and LRTC of the amplitude envelope of an oscillatory signal, it is necessary to have a measure of LRTC on short time-scales that is unbiased by the amplitude of the signal. To this end, an amplitude-normalized fluctuation function, nF(t), is calculated as follows: The signal is band-pass filtered (i), the amplitude envelope A extracted (ii), the signal profile, S can then be calculated as the cumulative sum of the demeaned amplitude envelope (iii),
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and split into windows of a certain size (e.g., 5 s) in exactly the same way as during the DFA calculation (Peng et al., 1995; Hardstone et al., 2012). As an additional step (iv), each of these signal-profile windows is divided by the mean of the amplitude envelope for that window calculated during step (ii). These amplitude-normalized windows are then detrended (v) and, subsequently, the normalized fluctuation function is calculated for each window as the standard deviation of the amplitude-normalized signal profile (vi). To calculate the functional excitation/inhibition ratio, fE/I, Pearson correlation between the amplitude and the normalized fluctuation function for the set of windows W (vii) is performed. fE/I is then defined as:
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Sub-critical (inhibition-dominated) networks are characterized by an fE/I < 1, super-critical (excitation-dominated) networks fE/I > 1, and critical (E/I-balanced) networks will have fE/I = 1. A DFA > 0.6 inclusion criterion for networks or channels before computing the fE/I is used because networks without LRTC will not show a co-variation of amplitude and the fluctuation function. For our analyses, fE/I was calculated for windows of 5 s with 80% overlap. Additional details can be found in Bruining et al. (2020).




Statistical Analysis

Whole-brain average EEG biomarker values were compared between children with TSC (pre-treatment) and TDC using a t-test or Wilcoxon rank-sum test (depending on whether normality assumptions were met). Additionally, an ANCOVA test was performed to control for age and IQ as covariates. Six brain regions were designated to localize areas with significant differences among groups, and to avoid an excessive number of comparisons within our small sample size if we were to analyze individual EEG channels. The six regions were defined by the following channels: frontal (FP1, AF7, AF3, F1, F3, FPZ, AFZ, FZ, FP2, AF8, AF4, F2, and F4), temporal left (F5, F7, FC5, FT7, C5, T7, CP5, and TP7), temporal right (F6, FC6, C6, CP6, F8, FT8, T8, and TP8), central (FC1, FC3, C1, C3, FCZ, CZ, FC2, FC4, C2, C4, CP1, CP3, CP2, CP4, and CPZ), parietal (P1, P3, P5, P7, P9, PZ, P2, P4, P6, P8, and P10), and occipital (PO7, PO3, O1, POZ, OZ, PO8, PO4, O2, and IZ). Brain-region comparisons between groups were also performed using a t-test or Wilcoxon rank-sum test.

To assess whole-brain treatment effect of bumetanide on EEG measures, we compared the average biomarker value (mean) of the 64 channels at each timepoint using a paired t-test. Effect sizes for significant effects were calculated using Cohen’s d. The distribution of bumetanide EEG effects was also analyzed by comparing each region at different timepoints. Finally, we investigated the correlation between clinical outcome scales and EEG measures using Pearson or Spearman correlation coefficient (depending on whether normality assumptions were met). False discovery rate (FDR; q = 0.15) was used to correct for multiple testing at region level. We determined the q level of FDR by calculating the number of regions that would be false discoveries for different values of q. A q = 0.05 would allow no false discoveries if all six regions came out significant, which we considered too stringent. A q = 0.15 would allow for one region to be a false discovery if all six regions came out significant. Significance level was set at p < 0.05.




RESULTS

Fifteen participants with TSC were allocated to bumetanide intervention of which 13 completed the trial (see van Andel et al., 2020 for cohort description and sample characteristics and Figure 1). EEG recordings of 10 participants were available for analysis (8.3–21.3 years, M = 13.4 ± 4 years, 5 females), 10 EEGs at D0, 9 at D91, and 9 at D119. Supplementary Tables 1, 2 describe the participants included, their demographics, clinical scores, and EEG biomarker values. EEG recordings of 29 TDC were included for baseline comparisons (7.4–14.4 years, M = 10.3 ± 1.5 years, 15 females). The mean age in the TSC group was 3.1 years higher than the TDC group (p = 0.04) and the total IQ was lower in TSC (p = 0.0001) (Table 1). Three EEG measures in the alpha band sensitive to changes in E/I-balance were computed (see section “Methods”).
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FIGURE 1. CONSORT flow diagram for the patients included for EEG analysis from the BATSCH trial. A total of 52 subjects were screened for eligibility from March 2017 to April 2018 at the UMC Utrecht, Netherlands. 15 participants received bumetanide. EEG recordings of 10 participants were available for analysis. CONSORT, Consolidated Standards of Reporting Trials; BATSCH, Bumetanide to Ameliorate Tuberous Sclerosis Complex Hyperexcitable Behaviors trial; ABC-I, Aberrant Behavior Checklist-Irritability subscale; SRS-2, Social Responsiveness Scale-2; RBS-R, Repetitive Behavior Scale-Revised; LRTC, long-range temporal correlations; DFA, scaling exponent of the detrended fluctuation analysis; fE/I, excitation-inhibition ratio.



TABLE 1. Clinical characteristics of participants with TSC and typically developing children.

[image: Table 1]

Spectral, Temporal, and Functional Excitation-Inhibition Ratio Characteristics of EEG in Tuberous Sclerosis Complex

We first investigated spectral, temporal, and functional excitation-inhibition ratio (fE/I) characteristics of alpha oscillations at baseline in TSC in comparison to TDC. The TSC group showed widespread lower absolute power and fE/I ratios compared to TDC (Figures 2A,C). Both measures were significant at the level of whole-brain average, with absolute power being significant in five out of the six regions (frontal, central, temporal right, parietal, and occipital) and fE/I in four out of the six regions (frontal, central, temporal right, and parietal) (Figure 2 and Supplementary Figure 1). DFA did not show significant differences between groups in any regions (Figure 2B).
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FIGURE 2. Participants with TSC show lower alpha-band absolute power and fE/I than TDC. Grand-average topographies are shown for TDC (first column), TSC (D0; second column), and for TSC-minus-TDC (third column) for the alpha-band biomarkers (A) absolute power, (B) DFA, and (C) fE/I. (A) The TSC group (D0, baseline) showed lower absolute power compared to TDC in most electrode locations and regions. (B) The DFA exponent was not different between groups. (C) fE/I ratios were also lower in TSC compared to TDC, particularly in frontal and temporal right regions. Comparisons in boxplots (fourth column) were based on the average value of the EEG biomarkers across all 64 channels (Wilcoxon rank-sum test). Individual-subject values, mean, and SEM are shown for TDC (blue circles) and TSC [concomitant treatment with antiepileptic drug (yellow circles) or not (green squares)]. Comparisons between groups are also shown for regional averages of frontal, temporal left, temporal right, central, parietal, and occipital electrodes (fifth column). White circles represent significant regions (p-value < 0.05, Wilcoxon rank-sum test, FDR corrected).


To explore the contribution of age and IQ to these EEG differences at whole-brain level, we additionally performed an ANCOVA test. After adjustment for age, a significant fE/I difference between TSC and TDC remained [F(1,36) = 6.79, p = 0.01, partial η2 = 0.16], and the difference in absolute power became borderline significant [F(1,36) = 4.0, p = 0.05, partial η2 = 0.1]. After adjustment for IQ, differences in absolute power and fE/I became non-significant [F(1,35) = 2.9, p = 0.09, partial η2 = 0.07 and F(1,35) = 2.1, p = 0.15, partial η2 = 0.06 respectively].



Bumetanide Increased Absolute Power in Tuberous Sclerosis Complex

After 91 days of bumetanide treatment, only regional effects on the EEG were observed. Specifically, the absolute power increased in parietal and occipital regions (Figure 3A; Cohen’s d = 0.3 and 0.2, respectively). After the washout period (D119) absolute power decreased in the parietal region (Cohen’s d = 0.4) and the occipital region (Cohen’s d = 0.3). LRTC increased in the occipital region; however, this was not significant after multiple-comparison correction (Figure 3B, p = 0.05). We did not find a significant change in fE/I in any regions (Figure 3C).
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FIGURE 3. Bumetanide treatment increases the power of alpha oscillations in TSC. Treatment effects on EEG measures in six regions (D91-minus-D0 and D119-minus-D91) for absolute power, DFA, and fE/I are shown. (A) After 91 days of bumetanide treatment, absolute power increased in parietal and occipital regions, which returned to baseline after the washout period. (B) DFA increased in the occipital region, but did not reach significance. (C) fE/I mean values were not different between time points. Bumetanide appeared to reduce the fE/I variance in occipital region (Bartlett test of variance p = 0.06), which increased after the washout period (Bartlett p = 0.02). White filled circles represent significant regions (paired t-test, p-value < 0.05, FDR corrected), white unfilled circles indicate p < 0.05 without FDR correction. Individual values, mean, and SEM are plotted per time point for the occipital region (A–C). Concomitant treatment with antiepileptic drug (yellow circles) or not (green squares). D0, day-zero baseline recording; D91, day 91 of treatment; D119, day 119 (after 28-days of washout period).




Correlation Between EEG Measures and Clinical Outcomes

To test the clinical significance of the EEG effects of bumetanide, we analyzed the relationship between the change in EEG measures and clinical outcomes. Although we observed a moderate correlation between the increment in absolute power in the right temporal region and improvement in repetitive behavior (RBS-R) after bumetanide (D91-D0 change), this was not significant (rho = −0.6, p = 0.08; Figure 4). No regional associations were found between change in LRTC or fE/I and clinical outcomes.
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FIGURE 4. Change in absolute power after bumetanide shows a moderate, albeit non-significant, correlation with improvement in repetitive behavior. (A) Rank-ordered change in RBS-R in response to bumetanide for each participant (D91-minus-D0). (B) A moderate correlation, yet non-significant, was observed between an increment in absolute power and improvement in repetitive behavior after bumetanide (RBS-R), specifically in the right temporal region.


Baseline neurophysiological characteristics (i.e., before treatment), such as E/I setpoints, might influence the response to bumetanide. To test this idea, we investigated the relationship between baseline EEG characteristics and clinical outcomes (Figure 5). We found that high LRTC at baseline correlated strongly to improvement in irritability symptoms in frontal, central, parietal, and occipital regions (ABC-I score; rho = −0.8, p = 0.009; Figure 5D). We did not find correlations between baseline absolute power nor fE/I and ABC-I outcomes. High fE/I at baseline in the central region correlated strongly to improvement in social response (SRS-2; rho = −0.8, p = 0.003) and repetitive behavior (RBS-R; rho = −0.8, p = 0.006; Figures 5E,F). No correlations were found between baseline absolute power nor LRTC for SRS-2 or RBS-R scores.
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FIGURE 5. Baseline EEG measures correlate with clinical outcomes after bumetanide. (A–C) Rank-ordered change in ABC-I, SRS-2, and RBS-R in response to bumetanide for each participant (D91-minus-D0). (D) Improvement in irritability score (ABC-I) was strongly related (rho = 0.8) to higher DFA at baseline, particularly in frontal, central, parietal, and occipital regions. (E,F). We found a strong correlation (rho = 0.8) between high fE/I at baseline in the central region and improvement in SRS-2 and RBS-R. Significant regions are represented with white dots (Pearson correlation coefficient, p < 0.05, FDR corrected q = 0.15).





DISCUSSION

The results of this secondary resting-state EEG analysis in TSC showed aberrant network E/I balance, reflected in lower alpha power and fE/I. EEG measures sensitive to E/I changes were modified through bumetanide treatment; however, the correlation between these EEG changes and clinical improvement was inconclusive. In contrast, we found that pretreatment EEG characteristics were associated with clinical improvement for all three clinical scales, implying that baseline network features might influence treatment response. Together, these findings highlight the utility of E/I-sensitive EEG measures to accompany new treatment interventions for TSC.


Network-Level Excitation-Inhibition Imbalances in Tuberous Sclerosis Complex

Evidence of perturbed neuronal E/I balance in TSC has been described at different levels, from decreased number and development of GABAergic interneurons to abnormal excitatory GABA responses linked to aberrant chloride homeostasis (Fu et al., 2012; Talos et al., 2012; Ruffolo et al., 2016). Using three EEG measures sensitive to changes in E/I, we show that network-level E/I balance is altered in TSC. We found lower alpha-band power in TSC compared to TDC—an observation that has been described also in ASD (Kulandaivel and Holmes, 2011; Tierney et al., 2012; Wang et al., 2013; Bruining et al., 2020) and in attention deficit and hyperactivity disorder (Deiber et al., 2020). Furthermore, in TSC studies, it has been associated with delayed cognitive and motor development (Dickinson et al., 2019; De Ridder et al., 2021). Albeit the link between network-level E/I balance and alpha power remains uncertain, computational models have related decreasing alpha power to increasing inhibitory connections or inhibitory signaling (Poil et al., 2020; Bruining et al., 2020).

Contrary to what we expected in TSC, we observed that the functional E/I ratio (fE/I) was below 1.0, and lower compared to the TDC. This finding might seem counterintuitive given the preclinical and clinical evidence of reduced inhibition in TSC (White et al., 2001; Wang et al., 2007; Taki et al., 2009; Fu et al., 2012; Mori et al., 2012; Talos et al., 2012; Bateup et al., 2013; Aronica and Crino, 2014; Ruffolo et al., 2016; Nadadhur et al., 2019; Afshar Saber and Sahin, 2020; Haji et al., 2020) and the high epilepsy comorbidity in this group. In principle, the use of antiepileptic drugs (AED) that enhance inhibitory signaling could have contributed to the lower fE/I, but the lowest fE/I values were found amongst the subjects that were not taking AEDs. Thus, we speculate that the presence of inhibition-dominated networks in TSC may relate to neurodevelopmental delay and cortical dysfunction (e.g., due to cortical tubers and aberrant surrounding tissue). Indeed, signs of cortical dysfunction, dysmaturity, and epilepsy [e.g., as reflected by slowing of activity (Krsek et al., 2010; Terney et al., 2010; Tao et al., 2011; Stoner et al., 2014; Britton et al., 2016)] have been described in EEG recordings in TSC (De Ridder et al., 2020). Importantly, we have previously associated EEG abnormalities to low fE/I in ASD (Bruining et al., 2020) and in children with STXBP1 syndrome, which is another genetic disorder with a high prevalence of epilepsy (Houtman et al., 2021). Furthermore, low fE/I values in TSC could be an expression of both, an excess in inhibition, e.g., as a protective mechanism against epileptogenicity (Terney et al., 2010; Bruining et al., 2020), increased GABA concentration (i.e., in cortical tubers) compensating for reduced GABA receptors (Taki et al., 2009; Mori et al., 2012), or an overall reduced excitation as a compensatory change for a primary aberrant (excitatory) GABA transmission (Nelson and Valakh, 2015). Overall, these all suggest that network-level E/I balance might be different from that seen at a neuronal or synapse level, likely due to more complex network reorganization or overriding compensatory mechanisms.

In sum, we found aberrant dynamics of neuronal oscillations in TSC pointing toward an inhibition-dominated network. Importantly, the similarities in alpha power and fE/I characteristics between our TSC sample and what has been reported in other developmental disorders (e.g., ASD), suggest a link between altered network E/I activity and aberrant behavior.



EEG Effects of Bumetanide in Tuberous Sclerosis Complex

We next tested the effect of bumetanide on EEG measures sensitive to E/I changes and investigated the relationship of treatment effects with clinical outcomes. Bumetanide increased the power of alpha oscillations after three months of treatment, an effect that showed a moderate, yet non-significant, correlation with improvement in repetitive behavior, specifically, for the temporal region [a region that has shown relevance for stereotypes and repetitive behavior in an ASD context (Ohnishi et al., 2000; Boddaert et al., 2004; Gendry Meresse et al., 2005)]. A case report in TSC from our group had previously described similar effects of bumetanide on alpha power with beneficial behavioral outcomes (Vlaskamp et al., 2017). It is unclear whether this effect implies restoring the characteristics of alpha oscillations, but it appears to be favorable in neurodevelopmental disorders. For instance, in epilepsy, an increment in alpha power following AEDs (e.g., levetiracetam) has been associated with improvement in neuropsychological tests (Cho et al., 2012; Ricci et al., 2021). Similarly, we reported a relationship between increased alpha power and improvement in repetitive behavior after bumetanide in children with ASD (Juarez-Martinez et al., 2021). Interestingly, the EEG effect of bumetanide is contrary to what has been described for other GABAergic drugs (benzodiazepines) in healthy subjects (i.e., a reduction in alpha power) (Lozano-Soldevilla et al., 2014; Lozano-Soldevilla, 2018). This calls into question whether GABA-modulating agents might have a divergent network repercussion when administered in a healthy vs. diseased brain since in the latter reorganization of the network might have taken place or compensatory mechanisms may be taking over. In sum, our results suggest that bumetanide may induce a neurophysiological effect in TSC, that can potentially translate into behavioral improvement, specifically for repetitive behavior. However, investigations in a larger sample are necessary to support the clinical significance of bumetanide’s effect.



Baseline EEG Characteristics Might Be Associated With Clinical Improvement

Significant improvement in social response and irritability were described after bumetanide in the original paper (van Andel et al., 2020). However, we did not find a relationship between a neurophysiological change after treatment and improvement in these clinical outcomes. Variability in network characteristics may account for differences in treatment response in neurodevelopmental disorders. Indeed, large variability in LRTC and fE/I have been proposed to contribute to the physiological heterogeneity in ASD (Bruining et al., 2020). Importantly, we reported that baseline EEG features in ASD may have a predictive value for clinical improvement (e.g., after bumetanide treatment) (Juarez-Martinez et al., 2021). Thus, baseline network characteristics in TSC may indicate different “network setpoints” in which bumetanide may induce clinically meaningful effects. Here, we observed that high LRTC at baseline was strongly related to improvement in irritability (ABC-I) after treatment. LRTC can be an indicator of network adaptability, where high values indicate a more readily adaptable structure, thus may be more easily influenced by bumetanide. This is not an entirely unexpected finding. LRTC are sensitive to AEDs, which were commonly used in our sample. AEDs have shown to increase LRTC in epilepsy (Smith et al., 2017), thus it is plausible that the initially high LRTC was a primary effect of the AEDs, and the beneficial effects of higher LRTC (through treatment) were further boosted by bumetanide co-medication. Interestingly, computational models have shown that LRTC peak when the network exhibits a balanced E/I (Bruining et al., 2020). Here, high fE/I at baseline strongly related to improvement in social response and repetitive behavior, where the greater improvement was seen in those with fE/I closer to or above 1 (mainly in the central region). We can argue that networks closer to the “balanced” point at baseline (either through compensatory mechanisms or as an AED effect), more readily achieve optimal network dynamics through relatively small changes induced by bumetanide (possibly as an add-on medication), improving behavior.



Limitations

Important limitations of this study are the small sample size, the open-label design of the study and the lack of a placebo group to compare the effects of bumetanide on resting-state EEG. TSC is a rare genetic disorder and its comorbidities may pose a major burden and disability which makes recruiting a large number of participants challenging, even more given the rigorous demands that a placebo-controlled trial would entail. However, we did include EEGs of TDC (albeit with a narrower age range) to compare the baseline characteristics of our TSC sample. Age difference between groups did not significantly impact our results, however, IQ did. Yet, it is important to clarify that IQ difference itself is an essential component in neurodevelopmental disorders rather than a confounding factor (Dennis et al., 2009). Another limitation is the concomitant administration of antiepileptic medication (AEDs). Although the AED dosage was kept stable throughout the study, it still limits the interpretation of EEG measures that are sensitive to such drugs. Additionally, regular use of AEDs could have masked bumetanide EEG effects. Given the small sample size, we limited our analysis to only alpha frequency band and only three clinical scales. It is possible that alterations in other frequency bands (e.g., theta, beta, and gamma) might have a relevant impact on behavioral outcomes and might be more sensitive to bumetanide effects. Future studies investigating the role of neuronal oscillations other than alpha in TSC are necessary, as well as corroborating our findings in a larger group sample.




CONCLUSION

Our findings showed that network-level E/I imbalances are present in TSC pointing toward an abundance of inhibition-dominated networks. Bumetanide induced a neurophysiological effect in TSC, and we show that baseline network characteristics might influence treatment response. These findings highlight the possible utility of E/I-sensitive EEG measures to accompany new treatment interventions for TSC.
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