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Background: Recent studies indicate excitatory GABA action in and around tubers
in patients with tuberous sclerosis complex (TSC). This may contribute to recurrent
seizures and behavioral problems that may be treated by agents that enhance GABAergic
transmission by influencing chloride regulation.

Case presentation: Here, we used the chloride transporter antagonist bumetanide to
treat a female adolescent TSC patient with refractory seizures, sensory hyper-reactivity,
and a variety of repetitive and compulsive behaviors.

Methods: To evaluate the effect of bumetanide on behavior, auditory sensory process-
ing, and hyperexcitability, we obtained questionnaire data, event-related potentials (ERP),
and resting state EEG at baseline, after 3 and 6 months of treatment and after 1 month
washout period.

Discussion: Six months of treatment resulted in a marked improvement in all relevant
behavioral domains, as was substantiated by the parent questionnaires. In addition, rest-
ing-state electroencephalography and ERP suggested a favorable effect of bumetanide
on hyperexcitability and sensory processing. These findings encourage further studies of
bumetanide on neuropsychiatric outcome in TSC.

Keywords: tuberous sclerosis complex, tuberous sclerosis complex-associated neuropsychiatric disorders,
hyperexcitability, bumetanide, electroencephalography, event-related potentials

INTRODUCTION

This case report describes a 20-year-old female patient with tuberous sclerosis complex (TSC)
characterized by a mild mental retardation, autism spectrum disorder (ASD), focal epileptic
seizures, and a wide range of disabling behavioral problems. The behavioral problems became
unmanageable and she presented to our outpatient clinic for treatment possibilities. The wide
range of refractory behavioral problems and previous paradoxical response to valproic acid (VPA)
led to the suspicion of depolarizing GABA activity.

BACKGROUND

Treatment in TSC is mostly aimed at controlling seizures, whereas there are few treatment options
for the accompanying behavioral and neuropsychiatric problems at present. Irritability, sensory
arousal, repetitive behaviors, sleeping problems, and deficits in social communication are very com-
mon in patients with TSC (1) and these so-called tuberous sclerosis-associated neuropsychiatric
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disorders (TAND) are often extremely debilitating, although
rarely treated successfully. Pharmacotherapy to reduce TAND
is mostly attempted with psychostimulants such as methyl-
phenidate or antipsychotic treatments, both of which can have
serious side-effects, such as lowering the seizure threshold (2).
Treatment of TAND is presumably complicated by the variability
and heterogeneity of TAND (3). However, syndrome specific
mechanisms such as mTOR dysregulation may be a general
target to reduce TAND across the TSC population.

Indeed, mTOR inhibitors are being tested as possible treat-
ment for a wide variety of neurological sequelae of TSC. Although
promising for seizure reduction, no clear effects on behavioral
outcome have yet been established (4). Recent studies have sug-
gested another avenue for treatment of neurological problems.
It has been shown that chloride homeostasis may be disrupted
in and around tuber tissue in TSC as indicated by altered expres-
sion levels of the chloride cotransporters NKCC1 and KCC2
(Na-K-2Cl cotransporter isoform 1 and K-Cl cotransporter
isoform 2, respectively). These disturbances could be leading to
(focal) depolarizing GABA activity and, consequently, altered
balance between excitation and inhibition (E/I) in these regions
(5, 6). These findings suggest that the NKCCI chloride trans-
porter antagonist bumetanide might enhance synaptic transmis-
sion by strengthening inhibition in TSC. Indeed, Talos et al. (6)
showed that excitatory GABA activity in slice preparations of
human tuber tissue was effectively attenuated by bumetanide
in vitro (6).

Clinical benefit of bumetanide therapy has not yet been
demonstrated in TSC but has been shown to reduce core beha-
vioral problems in ASD (7, 8). The strong association of TSC
with ASD further suggests that bumetanide might be able to
improve behavioral problems in TSC. Additionally, we have
previously suggested that (history of) a paradoxical reaction to
GABAergic drugs may be a prognostic marker of depolarizing
GABA activity, suggesting bumetanide may be efficacious
(9). In the current study, bumetanide was administered to a
20-year-old female with TSC and a history of paradoxical reac-
tion to VPA. Effects on behavior and sensory processing were
assessed using questionnaires and a neurophysiological test
battery.

CASE PRESENTATION

A 20-year-old female patient with TSC presented to our clinic
with a long history of neurodevelopmental problems charac-
terized by moderate mental retardation (Total IQ ~50), ASD
(pervasive developmental disorder not otherwise specified)
according to the DSM-IV TR (diagnostic and statistical man-
ual of mental disorders, fourth edition, text-revision) and focal
epileptic seizures. The manifestation of TAND in this patient was
characterized by intellectual disability, sensory hyper-reactivity,
irritability, obsessive and compulsive behaviors, behavioral
rigidity, and inflexibility, accompanied by sleeping problems.
Family history showed second-degree history of ASD. Birth
was complicated by meconium aspiration that resulted in several
days of assisted ventilation. The first established developmental
problems were motor- and speech delay at toddler age. TSC was

suspected because of focal seizures from the age of 9 months,
skin pigment stains, and structural anomalies on brain imaging.
Genetic investigation confirmed a spontaneous deleterious muta-
tion in the TSC1 gene. Subsequent MRI scans showed subcortical
tubers and subependymal noduli in both hemispheres. Since
childhood, the patient experienced focal to bilateral tonic-clonic
seizures 1-2 times a year and focal seizures with behavioral arrest
and automatisms 1-5 times daily. Localization of interictal epi-
leptiform discharges was left frontally. Previous treatment with
various antiepileptic drugs (AED) did not sufficiently control
seizures. The patient had experienced a paradoxical response
(evident increase instead of decrease of irritability and anxiety) to
VPA. AED regime at time of the study consisted of oxcarbazepine
monotherapy.

The previous paradoxical response to VPA and daily burden
of behavioral problems and seizures led us to suspect depolar-
izing GABA activity. Therefore, we treated the patient with
0.5 mg bumetanide twice daily [according to Lemonnier et al.
(8)] for a 6-month trial followed by a 1-month washout period
to substantiate efficacy. Parents of the patient gave consent for
off-label treatment. Monitoring of treatment effect included an
extensive evaluation of behavioral questionnaires and EEG/
event-related potentials (ERP) measurements. Blood tests and
physical examinations were carried out as described previously
(9). Transient hypokalemia was successfully treated with potas-
sium supplements. Treatment did not cause other disturbances
or discomfort due to diuretic effects. The patient received no
concurrent therapies or interventions during the course of
treatment, other than continuation of oxcarbazepine (a sodium
channel inhibitor).

METHODS

Questionnaires

Clinical Global improvement (CGI) was assessed by the treat-
ing psychiatrist. Questionnaires included the Social Responsi-
veness Scale (SRS) (10), the Sensory Profile (SP-NL) (11), the
Repetitive behavior scale-Revised (RBS-R) (12), the Aberrant
behavior checklist (ABC) (13), and the Behavior rating Inventory
of executive function (BRIEF) (14) and were filled in by both
parents and tutor.

ERP Measurements

Auditory sensory processing was assessed using a P50 sup-
pression task to measure sensory gating and a passive oddball
paradigm to measure mismatch negativity (MMN). Both tasks
originate from the Copenhagen Psychophysiological test bat-
tery (15, 16), which additionally consisted of a startle paradigm
(PPI) and a selective attention task. All testing was performed
with a 64 electrode BioSemi set-up according to the 10-20
system. Sampling started as soon as the paradigms were started
and lasted to the end of it (continuous recording). The sample
frequency was 2,048 Hz, and a low-pass setting of 1/5 of the AD
rate. All stimuli were presented binaurally through tubal insert
ear phones (EARtone®, Etymotic Research), by a computer run-
ning Presentation® software (Neurobehavioral Systems Inc.).
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P50 Paradigm

The P50 paradigm consisted of three experimental blocks, each
consisting of 40 pairs of identical bursts of (1.5 ms and 80 dB)
white noise, with an instantaneous rise time, an inter-stimulus
interval (ISI) of 500 ms, and a fixed inter-trial interval of 10 s.
The subject was asked to count the stimuli she was presented and
to stay awake. The total duration of the P50 task was approxi-
mately 21 min.

MMN Paradigm

The MMN paradigm consisted of 1,800 stimuli. The para-
digm consisted of four types of stimuli: in 82% of the cases, a
standard tone with a frequency of 1,000 Hz, intensity of 75 dB,
and duration of 50 ms was presented. Within this sequence
of standard stimuli, three types of deviants were presented,
each with a probability of 6% and intensity of 75 dB: frequency
deviants of 1,200 Hz and 50 ms, duration deviants of 1,000 Hz
and 100 ms, and frequency-duration deviants of 1,200 Hz and
100 ms. The ISI was randomized between 300 and 500 ms.
The subject was asked to ignore the stimuli while watching a
silent movie. The total duration of the MMN task was approxi-
mately 15 min.

ERP Analysis

Analysis and processing of the EEG signal was carried out using
Brain Electrical Source Analysis (BESA) software (version 5.2.4,
MEGIS Software GmbH, Grifelfing, Germany). Only data
from relevant electrodes were processed and analyzed; i.e., Cz
for P50 and FCz for MMN. Processing of the data started with

re-sampling from the original 2,048 to 250 Hz to allow easier
file handling. Second, the data were corrected for eye-artifacts
by using the adaptive method of BESA. Third, the data were
epoched (from 100 ms prestimulus to 400 ms post-stimulus for
P50, and 900 ms post-stimulus for MMN), and corrected for
movement (or other paradigm unrelated) artifacts by removing
epochs that contained amplitude differences between maximum
and minimum exceeding 75 tV in the relevant scoring windows.
Subsequently, the data were band-pass filtered (high-pass: 1 Hz,
low-pass: 70 Hz for P50, 40 Hz for MMN). For MMN, each of
the three deviant types was expressed as the average ERP to
the relevant deviant stimuli, subtracted with the average ERP
to standard stimuli for each subject separately. Linked mas-
toids were used as a reference. Finally, MMN amplitudes were
scored as the minimum amplitude within a window between 100
and 230 ms.

For P50 analysis, we used an average reference. P50 amplitude
was defined as the largest trough to peak amplitude within an
interval of 40-90 ms following the first (conditioning or “C”)
stimulus in each paired click. The P50 amplitude following the
second (testing or “T”) stimulus was identified as the largest
trough to peak amplitude within an interval of 10 ms of the
latency of the maximum P50 amplitude to the C-stimulus. P50
suppression was expressed as the ratio “T/C”

Resting-State EEG Measurements
Resting-state EEG was measured during 3 min eyes-closed rest
using BioSemi with a sampling frequency of 2,048 Hz (resampled
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FIGURE 1 | Effect of bumetanide on behavior. (A) Total score of the social responsiveness scale is decreased by treatment with bumetanide, the effect is removed
at washout. (B) Irritability, as measured by the Abberant behavior checklist subscale, is markedly decreased by bumetanide treatment. At washout, irritability
increases again. (C) Repetitive behavior is decreased by bumetanide treatment, as indicated by total score on the repetitive behavior scale-revised (RBS-R).
Washout again removes this effect. (D) Similarly, sensory behavior as measured by Sensory Profile subscales improves during 3 and 6 months of bumetanide.
Again, washout reverses the effect.
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TABLE 1 | Questionnaire scores (raw scores).

Questionnaires—raw scores Baseline 3 months 6 months Washout Improvement 3 months (%) Improvement 6 months (%)
CGl 6 4 3 3 33.33 50.00
SP-NL poor registration® 30 56 66 48.5 86.66 120.00
SP-NL Sensory seeking? 122 122 128 125 0 2.46
SP-NL Sensory sensitivity? 64 81 86 78 26.56 21.88
SP-NL Sensory avoiding? 78 104 118 104 33.33 51.28
SRS total 129 79 66 100 38.76 48.84
SRS social awareness 17 10.5 9 10.5 38.24 47.06
SRS social cognition 29 17 14 22.5 41.38 51.72
SRS social communication 48 29 22 36 39.58 5417
SRS social motivation iRl 8 7 12 27.27 36.36
SRS restricted interests 24 14.5 14 19 39.58 41.67
ABC total 71 17.5 16 45 75.35 77.46
ABC irritability 15 4 2 12 73.33 86.67
ABC lethargy 19 6 4 12.5 68.42 78.95
ABC stereotypy 6 1.5 2 1.5 75.00 66.67
ABC hyperactivity 21 4 5 13 80.95 76.19
ABC inappropriate speech 10 2 3 6 80.00 70.00
RBS-R total 36 19 18 33 47.22 50.00
RBS-R stereotyped behavior 0 0 0 0.5 0.00 0.00
RBS-R self-injurious behavior 1 1 3 2 0.00 —200.00
RBS-R compulsive behavior 10 8.5 2 5 65.00 80.00
RBS-R routine behavior 9 3.5 3 9 61.11 66.67
RBS-R sameness behavior 13 8.5 7 125 34.62 46.15
BRIEF total parents (P) 178 143.5 129 149 19.38 27.53
BRIEF inhibition P 26 22 19 215 15.38 26.92
BRIEF shift P 22 16.5 16 18 25.00 27.27
BRIEF emotional control P 27 18.5 17 21 31.48 37.04
BRIEF initiate P 16 15.5 13 15.5 3.13 18.75
BRIEF working memory P 25 19 18 20.5 24.00 28.00
BRIEF plan/organize P 25 20 17 20 20.00 32.00
BRIEF organization materials P 16 13 11 14 18.75 31.25
BRIEF monitor P 21 19 18 18.5 9.52 14.29
BRIEF total school (S) 191 163 151 179 14.66 20.94
BRIEF inhibition S 30 26 24 28 13.33 20.00
BRIEF shift S 29 22 20 25 24.14 31.08
BRIEF emotional control S 24 21 17 24 12.50 29.17
BRIEF initiate S 18 17 15 14 5.56 16.67
BRIEF working memory S 26 22 22 25 15.38 15.38
BRIEF plan/organize S 20 15 16 20 25.00 20.00
BRIEF organization materials S 19 15 16 17 21.05 156.79
BRIEF monitor S 25 25 21 26 0.00 16.00

Colored rows indicate greatest improvement after 3-6 months (i.e., 50%+).

aSensory profile subscales: higher scores are more toward normality (except for sensory seeking).
CGl, clinical global improvement; SP-NL, sensory profile, Dutch edition; SRS, social responsiveness scale; ABC, aberrant behavior checklist;

RBS-R, repetitive behavior scale-revised; BRIEF, behavior rating inventory executive function.

offline to 512 Hz for analysis) with no hardware filters. Analysis
was performed using the Neurophysiological Biomarker Toolbox
(17). The signals were reviewed and transient artifacts were
cut out. As a measure of long-range temporal correlations, we
applied detrended fluctuation analysis (DFA) [see Linkenkaer-
Hansen et al. (18)] to the amplitude envelop of band-pass filtered
signal (FIR filter with a Blackman window, transition bandwidth
1 Hz) in the bands Alpha 8-13 and 6-13 Hz. A DFA exponent
of 0.5 implies that oscillations amplitudes fluctuate in an uncor-
related fashion over time. When exponents increase from 0.5
toward 1.0, they signify increasing strength of long-range tem-
poral correlations. Power spectral density was calculated using
Welch’s method with 8 s hamming windows. Relative power was
calculated as the bandwidth power normalized by the power in
the 1-45 Hz band.

RESULTS

Nosignificantchangeinseizurefrequencyorseveritywasobserved.
From approximately 1 month of treatment, marked improve-
ments in social responsiveness, attention, reduced irritability,
and restlessness were noted by both parents. In addition, sleep
efficiency was improved. Parental observations were substanti-
ated through questionnaires showing marked improvement in
behavior following bumetanide treatment.

The greatest improvements (>50% from baseline) after 3
and 6 months of treatment were seen on (subscales of) the
Sensory Profile (SP-NL), ABC, SRS, and RBS-R. In addition,
improvements in behavior were also seen on the Behavior Rating
Inventory Executive Function questionnaire (BRIEF) rated by
the tutor of the patient. Figure 1 illustrates the most pronounced
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behavioral improvements, Table 1 shows the measured scores on
all behavioral questionnaires at baseline, during treatment and at
washout, and percentage of improvement after treatment.

To investigate physiological effects of treatment, we measured
ERP using standard EEG paradigms of P50 suppression to assess
sensory gating and a passive auditory oddball paradigm to meas-
ure mismatch negativity (MMN). In addition, we recorded rest-
ing-state EEG before and after treatment and washout. Sensory
gating increased with bumetanide, followed by a decrease after
washout (see Figure 2A). MMN amplitude to frequency deviants
slightly increased after treatment, whereas the amplitude of dura-
tion and frequency-duration MMN slightly decreased. Again,
washout appeared to reverse these effects (see Figure 2C). It
should be noted that sensory gating as well as MMN were within
normal ranges at baseline and during treatment (19).

Power spectrum analysis of resting-state EEG showed that the
peak frequency of alpha activity was around 7 Hz, which is lower
than in the normal population (8-13 Hz). No pronounced effects
of bumetanide on peak or alpha power were observed, although
(extended) alpha power was highest after 6 months of treatment
and decreased again at washout. DFA measures the strength of
long-range temporal correlations (17) and has previously been
coupled to changes in the excitatory/inhibitory balance (20, 21).
We applied this analysis as a possible proxy of changes in overall
E/Timbalances of GABAergic enhancement through bumetanide.
DFA in extended alpha band (6-13 Hz) showed an increase of 0.04
(median across channels) in the DFA exponent after 6 months of
bumetanide treatment and a decrease at washout (see Figure 2B).

This increase in the DFA exponent is on the order of magnitude
of the effects seen in other brain disorders, such as Alzheimer’s
disease (22) and schizophrenia (23).

DISCUSSION

This case describes beneficial effects of treatment with bume-
tanide on behavior in a 20-year-old female diagnosed with
TSC. This provides clinical support of preclinical studies
that suggested that neuronal disinhibition (immature GABA
activity) may be a mechanism contributing to TSC pathogen-
esis. Various domains of behavioral functioning improved
during 6 months of bumetanide treatment, as indicated by
both parents and scores on behavioral questionnaires rated
by parents as well as the tutor of the patient.

Although this is merely a case report, some of the neu-
rophysiological measurements appear to support a positive
effect of bumetanide treatment on neuronal inhibition. Most
notably, the strength of long-range temporal correlations (DFA
measurement) was normalized during treatment, an effect that
disappeared during the washout period. This finding is in line
with suggestions of an effect of bumetanide on the excitatory/
inhibitory balance, as modeling and clinical studies have shown
less strong long-range temporal correlations when the E/I bal-
ance is impaired (17, 20, 22). Sensory gating and MMN also
demonstrated a possible positive effect of bumetanide, although
this should be interpreted with caution due to lack of experience
with individual ERP assessment.
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Washout measurements suggest that bumetanide did not
result in continued therapeutic effects when administration
ceased in this patient, as behavior and DFA (and possibly ERPs)
deteriorated after discontinuation of bumetanide.

Our group previously reported effectiveness of bumetanide
in a child with ASD and epilepsy with a previous paradoxical
reaction to GABAergic drugs. This girl also suffered from a
structural brain lesion in the temporal lobe (9). Indeed, temporal
lobe epilepsy has been linked to elevated expression of the chlo-
ride importer NKCC1, the specific target of bumetanide (24).
In addition, increased NKCC1 expression has been found in
cortical dysplasia specimens from humans with focal epilepsy
related to those found in TSC (6). The current study, therefore,
provides further preliminary evidence that neuronal disinhibi-
tion constitutes a treatment target in to cortical dysgenesis-related
neurodevelopmental disorders, especially when paradoxical
responses to GABAergic drugs have been noted.

CONCLUDING REMARKS

This case report confirms that bumetanide may be effective in
reducing the high burden of behavioral problems in TSC, at least
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