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« GABA-ergic tone of the motor cortex was decreased in patients with hepatic encephalopathy (HE).
« Alteration of GABA-ergic neurotransmission in HE was disease severity dependent.
o Our results challenge the classical GABA hypothesis in HE.
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Objective: The GABA hypothesis of hepatic encephalopathy (HE) proposes an increased cerebral GABA-
ergic tone in HE but has not been investigated in vivo in HE-patients yet. Cortical GABA-ergic and gluta-
matergic neurotransmission in HE-patients were evaluated using transcranial magnetic stimulation.
Methods: Twenty-one patients with HE grade 1 and 2 and age matched controls participated in the study.
GABA-ergic (short- and long-interval intracortical inhibition (SICI and LICI)) and glutamatergic (intracor-
tical and short-interval intracortical facilitation (ICF and SICF)) excitability of the primary motor cortex
(M1) and global corticospinal excitability (motor threshold, motor evoked potential recruitment curve
(MEP-RC) were compared between the groups. SICI and ICF were correlated to the critical flicker fre-
quency (CFF) as measure for disease severity.
Results: In HE-patients, the slope of MEP-RC was significantly shallower compared to healthy controls.
SICI was significantly reduced in patients with HE grade 2 compared to healthy controls. In HE-
patients, SICI and ICF was significantly correlated to CFF.
Conclusion: Although global corticospinal excitability was reduced in HE-patients, GABA-ergic inhibition
was reduced in M1 depending on HE severity. Moreover CFF related alteration of GABAergic and gluta-
matergic neurotransmission in patients with HE could support the notion of a severity dependent alter-
ation of cortical excitability.
Significance: The decrease of cortical GABA-ergic tone challenges the classical GABA hypothesis in HE.
© 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.

1. Introduction

Hepatic encephalopathy (HE) is a neuropsychiatric complica-
tion of chronic liver failure manifesting with ataxia, negative myo-
clonus and cognitive dysfunction, confusion or impaired
consciousness (Hdaussinger and Blei, 2007). Based on the fact that
the pattern of postsynaptic neuronal activity measured by visual
evoked potentials in HE was similar to that induced by GABA-
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ergic drugs, it was proposed in 1982 that GABA-ergic tone is
increased in HE. Over decades this concept has been widely
accepted as the GABA hypothesis of HE (Schafer and Jones, 1982),
although increasing experimental evidence, mostly from animal
studies, suggest inconsistent GABA-ergic alterations depending
on the type and grade of experimental HE and investigated brain
region (Cauli et al., 2009). Transcranial magnetic stimulation
(TMS) enables a non-invasive stimulation of the brain. Using
paired-pulse techniques intracortical inhibitory and facilitatory
mechanisms can be investigated (Paulus et al., 2013). In brief,
short- and long-interval intracortical inhibition (SICI and LICI)
are supposed to reflect GABA, and GABAg mediated inhibition,
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respectively (Valls-Solé et al., 1992; Ziemann et al., 1996a;
Hanajima et al., 1998; McDonnell et al., 2006), whereas intracorti-
cal and short-interval intracortical facilitation (ICF and SICF) are
supposed to reflect glutamatergic facilitation (Tokimura et al.,
1996; Ziemann et al., 1996b, 1998; Hanajima et al., 2002; Chen,
2004).

A recent study investigated cortical excitability in premanifest
HE patients using paired pulse TMS and found increased GABA-
ergic inhibition measured with SICI and reduced glutamatergic
facilitation measured with ICF, which would be in line with the
GABA hypothesis (Nardone et al., 2016). However, in patients with
manifest HE, studies on cortical excitability are sparse and did not
explicitly investigate GABA-ergic or glutamatergic neurotransmis-
sion (Nolano et al., 1997).

Here, we investigated cortical GABAergic and glutamatergic
neurotransmission in detail in manifest HE patients with different
disease severity and age-matched healthy control subjects using
TMS.

2. Methods
2.1. Subjects

Twenty one patients with HE and ten age-matched healthy vol-
unteers were recruited. Inclusion criteria were patients with man-
ifest HE grade 1 and 2 according to the West-Haven Criteria, age
over 18 years, understanding of the study protocol and given writ-
ten informed consent. Patients with pacemakers or other metal
implants, pregnancy, severe coagulopathy, alcohol consumption
within the last 6 weeks, legal guardianship, further neurological
or severe medical comorbidities were excluded from the study.
Baseline characteristics are summarized in Table 1. All participants
gave their prior written informed consent. The study was carried
out in accordance with the declaration of Helsinki and was
approved by the local ethics committee of the University
Diisseldorf.

2.2. HE severity assessment

The HE severity assessment was performed based on the West-
Haven criteria, psychometric testing and critical flicker frequency
(CFF) (Kircheis et al., 2002, 2014). Details of psychometric testing
has been described elsewhere (Kircheis et al., 2002, 2014). In brief,
it consisted of a battery of 5 computer based neuropsychological
tests with a total of 22 parameters investigating cognition, emo-
tion, behavior and biologic regulation, that were chosen from the
Vienna Test System (Dr. Schuhfried, Austria) (Kircheis et al.,
2002, 2014). CFF is a simple, sensitive, and reliable way to quantify
and monitor HE (Kircheis et al., 2002; Sharma et al., 2007). CFF was
measured in a quiet, semi-darkened room without disturbing
noises with a portable, battery-powered analyzer (Hepatonorm

Analyzer; nevoLAB GmbH, Maierhofen, Germany). The analyzer
provoked an intrafoveal light stimulus with defined pulses of light.
First, the analyzer was adjusted to generate a red light with a high
frequency pulse (60 Hz) which gave the participant the impression
of a steady light. Then, the frequency was decreased gradually until
the participant had the impression that the steady light had chan-
ged to a flicker. The participants were instructed to register this
change by pressing a hand-held switch. After repeating the process
at least 5 times to ensure that the participant understood the pro-
cedure, another 10 trials were performed to calculate the mean and
the standard deviation values for each participant (Romero-Goémez
et al., 2007). Blood ammonia levels were also assessed. All investi-
gations were assessed on the same day and prior to the TMS
measurements.

2.3. Electromyographic recording

Electromyographic (EMG) activity was recorded from the right
first dorsal interosseus (FDI) muscle using Ag-AgCl surface elec-
trodes (9 mm diameter) in a belly tendon montage. The EMG sig-
nals were amplified (Digitimer D360, UK), band passed between
100 Hz and 5 kHz and digitized at a sampling rate of 5 kHz.

2.4. Transcranial magnetic stimulation

TMS was performed with a Magstim bistim magnetic stimulator
(Magstim Co. Ltd, UK). The primary motor cortex with hotspot for
the right FDI was stimulated with a figure-of-eight coil. The hot-
spot was defined as the area where we could provoke the largest
MEP response in the FDI. Starting 5 cm lateral and 1 cm anterior
to the vertex, the hotspot was defined by moving the coil in steps
of 0.5 cm in anterior-posterior and medial-lateral directions. The
coil was placed tangentially to the scalp, approximately perpendic-
ular to the central sulcus, with the handle pointing backward and
laterally at 45° from the midline, so that posterior-anterior current
was induced in the brain. Active motor threshold (AMT) was
defined as the lowest stimulation intensity that still evoked
responses of approximately 100 uV during slight voluntary con-
traction of 10-20% which was monitored with an oscilloscope
(Rossini et al., 2015). However, if a MEP response was followed
by a clear silent period, smaller MEP of 50 uV were still considered
as relevant response. We used this method for AMT definition to
ensure that conditioning stimuli intensities for SICI are not too
high and thereby corrupted by SICF (Peurala et al., 2008). Resting
motor thresholds (RMT) was defined as the lowest stimulation
intensity that still evoked responses of approximately 50 pV during
complete relaxation of FDI (Rossini et al., 2015). The relative fre-
quency method was used (Rossini et al., 2015). The subjects were
asked to keep their right hand relaxed throughout the experiments
and FDI activity was monitored in real-time with an oscilloscope.
The order of experiments was counterbalanced across subjects.

Table 1
Baseline characteristics of HE patients and healthy controls.
Controls HE 1 HE 2 p

N (female/male) 10 (4/6) 11 (2/9) 10 (4/6)
Etiology (alcoholic/other: viral or autoimmune hepatitis, NASH) n. a. 8/3 8/2
Age 60.5+2.0 59.5+3.3 63.3+24 0.67
AMT (%MSO) 345+1.2 37.8+13 37623 0.32
RMT (%MSO) 48.5+3.0 55.6 3.1 493+24 0.17
Test MEP size (mV) 0.63 +0.08 0.59 +0.08 0.61 +0.08 0.85
CFF (Hz) 40.2+0.7 35.7+0.7 31.8+1.0 <0.000.1
Blood ammonia level (ng/ml) n. a. 87.5+12.9 65.9+15.0 0.33

(NASH = non-alcoholic steatohepatitis, AMT = active motor threshold, RMT = resting motor threshold, % MSO = percentage of maximal stimulator output, Hz = Herz, n. a. = not

applicable).
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2.5. TMS parameters

2.5.1. Recruitment curve

The recruitment curve was measured using five individually
adjusted stimulation intensities at 100%, 110%, 120%, 130% and
140% of RMT. Similar intensities have been used earlier (Chen
et al.,, 1998; Hamada et al., 2008).

2.5.2. Paired-pulse paradigm

Four different measures, namely SICI, ICF, LICI and SICF, were
studied.

SICI and ICF were studied with a subthreshold conditioning
stimulus at 90% AMT preceding a suprathreshold test stimulus at
ISIs of 2, 3, 4, 10 and 15 ms. For LICI measurements the test stim-
ulus was preceded by a suprathreshold conditioning stimulus with
an intensity of 110 % RMT and an ISI of 100 ms. For SICF the test
stimulus was followed by a second stimulus at 110 % AMT with ISIs
of 1.5 ms and 3 ms. Similar intensities and ISIs have been used ear-
lier (Ziemann et al., 1996b; Hanajima et al., 1998; Hamada et al.,
2008). Single test stimuli were applied as control conditions for
size ratio calculation. Test stimulus intensities were adjusted indi-
vidually to elicit MEPs around 0.5 mV when given alone. Ten trials
were averaged for each condition. Each condition was applied in a
shuffled order.

2.6. Statistical and data analysis

Statistical analysis was performed using GraphPad Prism
(GraphPad Software, CA, USA). Shapiro-Wilk test was used to test
for normal distribution. Two-way repeated measures ANOVA was
used to compare SICI-ICF (between subject factor (group); within
subject factor (ISI): 2 ms, 3 ms, 4 ms, 10 ms, 15 ms), SICF (between
subject factor (group); within subject factor (ISI): 1.5 ms, 3 ms) and
recruitment curve (between subject factor (group); within subject
factor (intensity): 100% RMT, 110% RMT, 120% RMT, 130% RMT,
140% RMT) between healthy controls and patients with HE 1 and
HE 2, respectively. One-way ANOVA was used to compare LICI
and baseline characteristics between the three groups except of
blood ammonia levels, which were compared only between HE 1
and HE 2 patients with unpaired t-test. Post-hoc bonferroni tests
were performed where applicable. Pearsons correlation analyses
were performed between both paired pulse measurements (SICI
at 2 and 4 ms, ICF at 10 and 15 ms) and CFF and blood ammonia
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levels, respectively. For all statistical analyses, p-values were cor-
rected for multiple comparisons. The level of significance was set
to p < 0.05.

3. Results

Since normality was given, parametric tests were used for fur-
ther analysis as described.

3.1. Baseline characteristics

Clinical demographic data and baseline TMS values did not dif-
fer between groups except for CFF (Table 1). Post-hoc analysis
revealed significantly higher CFF values for healthy controls com-
pared to HE 1 and HE 2 (p <0.01 and p < 0.001, respectively) and
for HE 1 compared to HE 2 (p <0.05).

3.2. Recruitment curve

The slope of the recruitment curve was significantly shallower
in patients with both HE 1 and HE 2 compared to healthy controls
(significant effect on group: F (3135)=18.40, p < 0.0001, signifi-
cant effect on intensity: F (4135) = 11.45, p < 0.0001 and significant
interaction group x intensity: F (12,135)=2.76, p <0.002). Post-
hoc analysis revealed significantly smaller MEP sizes in HE 1 and
HE 2 patients compared to healthy controls at 130 % RMT
(p <0.0001 each) and 140 % RMT (p < 0.001 each; Fig. 1A). No dif-
ferences were found between HE 1 and HE 2.

3.3. Paired-pulse TMS

Significant differences of SICI/ICF curves were found between
groups (significant effect on group: F (2112)=5.63, p =0.0088,
ISI: F (4112)=25.85, p<0.0001 and significant interaction group -
x ISI: F(8112) = 2.11, p = 0.04). Post-hoc analysis revealed a signif-
icantly reduced inhibition at ISIs of 2 ms and 4 ms for HE 2 patients
(p < 0.01 each; Fig. 1B). SICF and LICI did not differ between groups
(Supplementary Fig. S1). Correlation analysis demonstrated signif-
icant correlations between SICI 2 ms and CFF, SICI 4 ms and CFF as
well as ICF 10 ms and CFF and ICF 15 ms and CFF (Fig. 2). No corre-
lation was found between SICF and CFF or LICI and CFF. No corre-
lation was found between TMS parameters and blood ammonia
levels as well.
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Fig. 1. (A) Recruitment curves of HE patients are significantly shallower compared to healthy controls. MEP sizes were significantly smaller in HE1 and HE2 patients
compared to healthy controls at 130% RMT and 140% RMT. (B) SICI at 2 ms and 4 ms were significantly reduced for HE 2 patients compared to HE 1 patients and controls.
(MEP = motor evoked potentials, RMT = resting motor threshold, SICI = short-interval intracortical inhibition).
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Fig. 2. Correlation analyses between SICI/ICF and CFF. (A and B) Significant correlation between CFF and both SICI at 2 ms and 4 ms, respectively. (C and D) Significant
correlation between CFF and both ICF 10 ms and 15 ms, respectively. (SICI = short-interval intracortical inhibition, ICF = intracortical facilitation, CFF = critical flicker

frequency).

4. Discussion

Our study implies three main findings. First, SICI, a measure of
GABAs-ergic neurotransmission, is reduced in patients with HE
depending on disease severity. Second, global corticospinal
excitability is reduced in patients with HE regardless of disease
severity. Third, changes in both cortical GABA-ergic and gluta-
matergic neurotransmission are correlated with disease severity
reflected by CFF.

The GABA hypothesis supposes an increase of GABA-ergic tone
in HE. Our finding of reduced GABA-ergic tone in the motor cortex
is in striking contrast with this hypothesis. However, an earlier
study found a prolongation of cortical silent period at higher stim-
ulation intensities which could also be mediated by reduced GABA-
ergic tone and tallies with our results (Nolano et al., 1997). Consis-
tent with our results GABA-ergic disinhibition of the motor cortex
has also been described in animal studies (Cauli et al., 2009;
Rangroo Thrane et al., 2013). These studies also found changes of
GABA-ergic neurotransmission depending on the investigated
brain region with increase of GABA-ergic tone in the cerebellum
and reduction of GABA-ergic tone in the motor cortex. It is conceiv-
able that increased cerebellar GABA-ergic inhibition leads to disin-
hibition of the disynaptic cerebello-thalamocortical pathway
resulting in reduced GABA-ergic inhibition of the motor cortex
(Cauli et al., 2009; Groiss and Ugawa, 2013). Consistent with this
hypothesis we found severity dependent increase of cerebellar
inhibition in patients with HE using cerebellar TMS, suggesting
an increased GABA-ergic inhibition in the cerebellum of patients
with HE (Hassan et al., 2019). At first sight, the results of our study
seem conflicting to an earlier report by Nardone et al. who found
increased GABA-ergic inhibition and reduced glutaminergic facili-
tation in minimal HE, which would be in line with the GABA
hypothesis (Nardone et al., 2016). However, this study investigated

clinical premanifest minimal HE patients, while we studied
patients with manifest HE. This difference is likely the cause for
the different results. Based on the assumption that GABA-ergic
tone is increased in minimal HE (Nardone et al., 2016), it is possible
that in earlier stages of the disease cerebellar disinhibition may be
compensated by an increased GABA-ergic tone. Consistent with
this notion, motor cortex disinhibition was only found in HE 2
patients and not in HE 1 patients in our study, i.e. in the more
severely affected group. However, differences of the stimulation
protocol regarding the number of averaged stimuli for the paired
pulse TMS paradigm, which was five in the study conducted by
Nardone et al. and ten in our study, also could have influenced
the study results.

Although we did not find changes of glutamatergic neurotrans-
mission in both patients with HE grade 1 and 2, we found a corre-
lation of glutamatergic facilitation and CFF suggesting increase of
cortical facilitation with progressing disease severity. This may
be due to the fact that the changes were too small to be detected
in a somehow arbitrary clinical grading with clear cut off values
while disease severity rather represents a continuous transition.
CFF, however, nicely reflects the floating changes in HE and has
been shown to be an ideal marker to correlate with electophysio-
logical measures (Timmermann et al., 2008; Butz et al., 2010,
2013; Kahlbrock et al., 2012; May et al., 2014). This correlation
of glutamatergic facilitation and disease severity may be due to
decreased glutamate uptake by astrocytes and increased synaptic
glutamate release by hyperammonemia leading to gradual disinhi-
bition of action potential generation and excitatory postsypaptic
potentials in those more severely affected (Raabe and Gumnit,
1975; Hermenegildo et al., 2000; Haussinger and Blei, 2007; Gorg
et al., 2010). It is supposed that this disinhibition also leads to a
disturbance of cortical functions involving postsynaptic inhibition
(Raabe and Gumnit, 1975; Raabe, 1981).
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Finally, despite these intracortical excitability changes revealed
by paired pulse TMS we found reduced global corticospinal
excitability in HE irrespective of disease stage. This is in line with
earlier studies on corticospinal excitability in HE that found an
increase of resting motor threshold also in patients with liver cir-
rhosis even without HE. It is possible that the intracortical
excitability changes found in our paired pulse experiments could
have been cancelled out in the recruitment curve experiments at
higher stimulation intensities leading to a decreased global corti-
cospinal excitability measured by the recruitment curve. In paired
pulse TMS paradigms superficial layer 2/3 interneurons with their
reciprocal connections to layer 1 neurons are supposed to play an
important role especially when using lower CS intensities (Di
Lazzaro and Ziemann, 2013; Di Lazzaro and Rothwell, 2014). On
the other hand for the recruitment curve, where we found differ-
ences at higher intensities, excitability of layer 5 pyramidal neu-
rons play a more important role for global corticospinal output
measured with single pulse TMS (Di Lazzaro and Ziemann, 2013;
Di Lazzaro and Rothwell, 2014). Astrocyte swelling and reduction
of dendritic spines of corticospinal neurons in the deeper layer V
of the motor cortex may be the underlying cause for decreased glo-
bal corticospinal excitability (Chen et al., 2014). Although cognitive
impairment is known to influence corticospinal excitability, it
rather leads to hyperexcitability making it unlikely the reason for
reduced corticospinal excitability which we found here (Cantone
et al.,, 2014; Nardone et al., 2014).

It is difficult to say why serum ammonia level did not correlate
with our TMS measures but correlation studies on serum ammonia
level and HE severity have been rather inconsistent (Stahl, 1963;
Kramer et al., 2000; Miller, 2003; Nicolao et al., 2003). Better cor-
relation has been supposed for more severely affected HE 3 and 4
patients (Brar et al., 2016), while we investigated HE 1 and 2
patients here. For these stages CFF has been proven a reliable mar-
ker in several previous MEG studies, where CFF was correlated to
general slowing of oscillatory activity (Timmermann et al., 2008;
Butz et al, 2010, 2013; Kahlbrock et al., 2012; May et al., 2014).
Therefore, alteration of SICI could also reflect some kind of corre-
late for cortical slowing.

A limitation of our study was the rather small sample size per
subgroup, which could have influenced the power of our study
results. Additionally, we cannot fully rule out an effect of alcohol
on cortical excitability in our patients, since a relevant number of
patients had alcoholic liver cirrhosis. However, a relevant effect
seems unlikely since direct effects of alcohol on cortical excitability
were not revealed in an earlier study. Moreover, only patients
abstinent for alcohol for at least 6 weeks were included in our
study (Nardone et al., 2010).

In conclusion, our data reveal a decrease of GABA-ergic neuro-
transmission in the primary motor cortex of HE patients challeng-
ing the classical GABA hypothesis of an increased GABA-ergic tone
in HE.
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