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Abstract

Background and aim Neurodegeneration with brain iron accumulation (NBIA) and Wilson’s disease (WD) is considered the
prototype of neurodegenerative disorders characterised by the overloading of iron and copper in the central nervous system.
Growing evidence has unveiled the involvement of these metals in brain cortical neurotransmission. Aim of this study was to
assess cortical excitability profile due to copper and iron overload.

Methods Three patients affected by NBIA, namely two patients with a recessive hereditary parkinsonism (PARK9) and one patient
with aceruloplasminemia and 7 patients with neurological WD underwent transcranial magnetic stimulation (TMS) protocols to assess
cortical excitability. Specifically, we evaluated the motor thresholds that reflect membrane excitability related to the voltage-gated
sodium channels in the neurons of the motor system and the ease of activation of motor cortex via glutamatergic networks, and ad hoc
TMS protocols to probe inhibitory-GABAergic (short interval intracortical inhibition, SICI; short-latency afferent inhibition, SAI;
cortical silent period, CSP) and excitatory intracortical circuitry (intracortical facilitation, ICF).

Results Patients with NBIA exhibited an abnormal prolongation of CSP respect to HC and WD patients. On the contrary,
neurological WD displayed higher motor thresholds and reduced CSP and SICI.

Conclusion Hereditary conditions due to overload of copper and iron exhibited peculiar cortical excitability profiles that can help
during differential diagnosis between these conditions. Moreover, such results can give us more clues about the role of metals in
acquired neurodegenerative disorders, such as Parkinson disease, Alzheimer disease, and multiple sclerosis.
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copper in the central nervous system. Growing evidence has
unveiled the involvement of these metals in brain cortical neu-
rotransmission and the role played by their disarrangements in
neurodegeneration [1]. Most of the data on the role of metals in
neurotransmission come from studies in vitro or animal
models, while data in humans are still rather scanty. In a recent
neurophysiological study in humans, copper levels have been
advocated as primary actors in glutamate-mediated cortex ex-
citability, specifically the higher was the level of body copper
the lower was the cortical glutamatergic responsiveness [2]. On
the contrary, in the same study, iron, transferrin (corresponding
to the total iron-binding capacity), and transferrin saturation
(corresponding to the total bound iron), which are all markers
normally used for diagnosis of diseases related to iron metab-
olism, showed no correlation with neurophysiological marker
of cortical-mediated glutamatergic excitability [2].
Interestingly, experiments on cells and mice models have also
demonstrated the neurotoxic effect of heavy metals, such as
copper, on GABAergic synaptic transmission [3, 4].
Regarding iron overload, instead, much less is known. In a
recent study on mouse model carrying mutation in the gene
of Hemochromatosis (HFE) that disrupts iron homeostasis,
the authors demonstrated that iron overload impairs DNA
methylation and alters GABAergic function in mice [5].

Based on these premises we approached the issue by study-
ing the impact of heavy metals accumulation on human cortical
neurotransmission. In doing so, we applied ad hoc transcranial
magnetic protocols to assess in vivo glutamatergic and
GABAergic neurotransmission in specific hereditary condi-
tions characterized by brain iron and copper overload.
Specifically, we evaluated the motor thresholds (MT) that rep-
resents the ease of activation of motor cortex via glutamatergic-
mediated excitatory networks and the membrane excitability
related to the voltage-gated sodium channels in the neurons
of the motor system, paired pulse paradigms with variable in-
terstimulus intervals to probe inhibitory (short interval
intracortical inhibition, SICI; short-latency afferent inhibition,
SAI) and excitatory intracortical circuitry (intracortical facilita-
tion, ICF) and cortical silent period (CSP). Pharmacological-
TMS studies have demonstrated that SICI, SAI and ICF are
able to evaluate in vivo intracortical circuits mediated by
GABA(A) receptors, whereas circuits underlying CSP are
mostly mediated by GABA(B) receptors [6, 7].

Patient and methods

Clinical, genetic and neuroradiological assessment
We studied seven patients with clinical, biochemical and ge-
netic or histological evidence of WD. Diagnosis of WD was

confirmed by molecular analysis of the ATP7B gene (standard
methods, Regional Hospital for Microcytemia, Cagliari, Italy)
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or by liver copper content of dry tissue higher than 250 mg/g
or both. Some of these patients belonged to the WD cohort
previously published by our group [8].

For the NBIA group, we evaluated two brothers carrying a
homozygous mutation in the ATP/3A2 gene (PARKY) caus-
ing a juvenile-onset parkinsonism [9] and a new case of
aceruloplasminemia, harboring a homozygous mutation in
the ceruloplasmin (CP) gene. Clinical features of nervous sys-
tem impairment were evaluated in each patient by a neurolo-
gist using a standard neurological examination and dedicated
scales such as the neurological assessment section (tier 2) of
the Global Assessment Scale (GAS) for WD and the part I1I of
the Unified Parkinson's Disease Rating Scale (UPDRS-III). In
addition, all patients underwent brain magnetic resonance im-
aging (MRI) to assess structural degeneration due to metals
accumulation in the central nervous system.

Transcranial magnetic stimulation study

Transcranial magnetic stimulation (TMS) of the motor cortex
was performed with a high-power magnetic stimulator
(MagProX100, Medtronic, Denmark). A figure-of-eight coil
(with external loop diameters of 9 cm) was positioned at the
scalp over the left hand motor area to evoke motor responses
(motor-evoked potentials (MEPs)) in the right first dorsal
interosseous (FDI) muscle.

TMS was used to evaluate motor cortex excitability using
single pulses and paired-pulse TMS. We evaluated the follow-
ing TMS parameters of the stimulated motor cortex: (1) rest-
ing motor threshold (RMT) and active motor threshold
(AMT); (2) short interval intracortical inhibition (SICI) and
intracortical facilitation (ICF); (3) short-latency afferent inhi-
bition; (4) cortical silent period (CSP).

Motor thresholds were performed according to standard
procedures [10]. SICI-ICF and SAI were studied at rest via a
paired pulse paradigm, delivered in a conditioning-test design,
as previously reported [7, 11-14]. For SICI-ICF, the condi-
tioning stimulus was set at an intensity of 95% of the AMT,
and the test stimulus was adjusted to evoke a motor evoked
potential (MEP) approximately 1 mV peak-to-peak in the re-
laxed first dorsal interosseous muscle (FDI). Interstimulus in-
tervals (ISIs) between the conditioning stimulus and the test
stimulus of 2 and 3 ms were employed to investigate SICI, and
ISIs of 10 and 15 ms were used to investigate ICF. For SAI,
the conditioning stimuli were single 0.2 ms pulses of electrical
stimulation applied to the right median nerve at the wrist
through bipolar electrodes (cathode proximal). The intensity
of the conditioning stimulus was set at just over the threshold
for evoking a visible twitch of the thenar muscles, and the test
stimulus was adjusted to evoke a MEP of approximately 1 mV
peak-to-peak. SAI was tested at different ISIs determined on
the basis of the latency of the N20 component of the somato-
sensory evoked potential induced by stimulation of the right
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median nerve. ISIs ranged from 0 to 8 ms after N20 latency
and were investigated in steps of 2 ms. In all participants, 20
stimuli were delivered in a pseudorandomized sequence for
each ISI, and for the test stimulus alone, for all stimulation
paradigms (SICI-ICF and SAI). The amplitude of the condi-
tioning MEPs was expressed as a ratio of the mean uncondi-
tioned response. The CSP was measured from the onset of the
motor potential to the resumption (at any level) of sustained
EMG activity, obtained by averaging 5 rectified traces for
each subject. It was evoked with a single-pulse TMS at
150% of RMT during 50% of the maximum voluntary con-
traction of the target muscle. Ten healthy subjects, not affected
by any neurological, psychiatric or other relevant clinical con-
dition (5 females; mean age 33.1 + 12.7 years, age range 25—
44) were evaluated as the control group for the neurophysio-
logical study. Written consent to participate in the study was
obtained from all subjects. The protocol was approved by the
local ethics committee, and the research was conducted in
accordance with the 1964 Declaration of Helsinki.

Statistical analysis

Given the small number of subjects and because the distribu-
tion of variables could not be assumed to be approximately
normal, all statistical analyses applied were nonparametric
tests. We used the Kruskal-Wallis test for between-group com-
parison and the Mann-Whitney U test as post hoc test. To
minimize the possibility of a type 1 error, we set statistical
significance at p < 0.0167 after Bonferroni correction for mul-
tiple comparisons. Data were analyzed using software (SPSS
v. 22.0 for Windows; SPSS Inc.). Data are presented as medi-
an (interquartile range, IQR).

Results
Clinical, genetic, and neuroradiological findings

Regarding brain copper accumulation, we studied 7 males
(mean age 33.5 + 11.3 years) with diagnosis of WD and neu-
rologic signs at clinical examination (mean disease duration
15.33 + 8.72 years; mean GAS score 11.11 + 4.87; mean
UPDRS-III 14.29 + 4.29). In all patients, diagnosis was con-
firmed by histological analysis, moreover in six patients WD
diagnosis was also confirmed by molecular test of the ATP7B
gene. All patients exhibited Kayser-Fleischer rings and typical
neuroradiological alterations at MRI such as abnormal bilat-
eral basal ganglia hyperintensity on both T1 and T2 weighted
images, involving especially the putamen, caudate nucleus
and globus pallidus and, in some patients, ventral thalamus
and midbrain (substantia nigra and red nucleus).

For the NBIA group, we evaluated two brothers (31 and 41
years old), carrying a homozygous mutation (p.G877R) in the

ATP13A2 gene causing a juvenile-onset parkinsonism, the so
called Kufor-Rakeb disease. Clinical and neuroradiological
findings are described in detail in the previous study [9].
Lastly, in the NBIA group we included a new case of
aceruloplasminemia, harboring the ¢.1208 + 1G > A mutation
in the ceruloplasmin (CP) gene in the homozygous state. The
mutation was recently described in an unrelated Italian patient
[15]. This patient was a 55-year-old man who had recently
developed neurological symptoms such as unsteady gait and
dysarthria. He had also a history of diabetes and microcytic
anemia since childhood. Brain magnetic resonance imaging
(MRI) revealed marked hypointensity on susceptibility
weighted imaging consistent with iron deposition involving
the putamen, head of the caudate, posterior thalami, red nu-
clei, substantia nigra and dentate nuclei. In addition, a similar
signal abnormality was detected within the cerebral and cere-
bellar cortices, compatible with cortical siderosis (see Fig. 1).
Brain positron emission tomography (PET) was performed
using 18F-fluorodeoxyglucose (FDG) to study distribution
of cerebral glucose metabolism [16]. It revealed a relative
decrease of metabolism located in the cerebellum and in the
posterior part of the putamen bilaterally (see Fig. 1).
Neuropsychological evaluation using standard battery [17]
showed a mild cognitive impairment (MCI) involving the ex-
ecutive domain. He also underwent electrophysiological eval-
uation including electromyography (EMG) and nerve conduc-
tion studies (NCS), motor evoked potentials (MEPs) by TMS
and somatosensory evoked potentials (SSEPs) at upper and
lower limbs, visual (VEPs) and brainstem auditory evoked
potentials (BAEPs) [18, 19]. EMG, NCS, MEPs, SSEPs and
BAEPS were normal, whereas VEPs revealed a damage of the
visual pathway.

TMS findings
Motor thresholds

RMT and AMT differed significantly among the 7 WD pa-
tients, the 3 NBIA patients and the 10 healthy controls (RMT:
p =0.002; AMT: p = 0.004).

Post hoc comparison with Bonferroni test revealed that
WD patients had higher RMT and AMT than NBIA patients
(RMT: p = 0.014; AMT: p = 0.014) and healthy controls
(RMT: p = 0.002; AMT: p = 0.002), while there was no sta-
tistically significant difference between NBIA patients and
controls (RMT: p = 0.091; AMT: p = 0.798) (Fig. 2A).

TMS protocols evaluating GABA-A and GABA-B circuits
For GABA-A circuits, the mean SICI at 2 and 3 ms differed
significantly among the three groups (p = 0.003), whereas no

difference for the mean ICF 10-15 ms was evident among the
three groups (p = 0.370). Post hoc comparison with Bonferroni
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Fig. 1 8% Fluorodeoxyglucose and positron emission tomography
(PET) axial slices obtained at the level of the cerebellum, temporo-
ippocampal regions, basal ganglia, centrum semiovale and corona radiate
in the patient with aceruloplasminemia (A) and in a control subject (B). In
the patient, compared with control, it is evident a relative
hypometabolism located in the cerebellum and in the posterior part of
the putamen, bilaterally with mild prevalence on the left side. The cerebral
cortical metabolism was almost preserved apart for a very mild

test revealed that WD patients had higher SICI than NBIA pa-
tients (p = 0.015) and healthy controls (p = 0.001). We observed
no significant difference between NBIA patients and controls (p
= 0.866) (Fig. 2B).

SAI protocol was administered only in the NBIA patients
and healthy controls and statistical analysis did not reveal any
significant difference between the two groups at each ISI (all p
> 0.091) (Fig. 2C).

Regarding GABA-B circuits, the CSP differed significant-
ly among the three groups (p = 0.002). Post hoc comparison
with Bonferroni test revealed that WD patients had shorter
CSP than NBIA patients (p = 0.012) and healthy controls (p
=0.010), whereas NBIA had longer CSP than healthy controls
(p =0.011) (Fig. 2D).
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asymmetry (L < R). Axial susceptibility weighted imaging showing bi-
lateral iron deposition involving the dentate nucleus (C), substantia nigra,
hippocampus and red nucleus (D), head of the caudate, putamen and
posterior thalamus (E); a diffuse cerebral and cerebellar cortical siderosis
is also evident (C—F). The color scale represents the lower (blue) and the
higher (red) cerebral radioactive 18FDG concentration values (%). R,
right; L, left

Lastly, based on previous description about the relation
between CSP duration and rigidity in Parkinson’s disease
[20], we performed a correlation analysis contrasting either
the overall UPDRS-III score or the item dedicated to rigidity
with the CSP duration. Unfortunately, no significant correla-
tion was found (all p > 0.105).

Discussion

In this study, we demonstrated for the first time that neurode-
generation due to iron and copper accumulation exhibit a dif-
ferent pattern of motor cortex excitability. Specifically, in pa-
tients with central nervous system copper accumulation,
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Fig. 2 Cortical excitability profiles in patients with Wilson’s disease and
neurological signs (WD-N), neurodegeneration with brain iron
accumulation (NBIA) and healthy controls (HC). Patients with WD-N
exhibited significantly higher motor thresholds: Resting motor and active
motor thresholds (A), SICI (short-interval intracortical inhibition) (B) and

motor cortex appears to be less excitable with higher motor
thresholds and reduced SICI and CSP. On the contrary patients
with NBIA presented normal motor thresholds and SICI and
abnormal prolongation of CSP.

Motor thresholds are considered a measure of motor cortex
excitability likely mediated by voltage-gated sodium channels
and glutamatergic neurotransmission, importantly the level of
copper in serum has been negatively associated to glutamater-
gic activity [2]. Therefore, our findings in WD patients with
neurological and radiological signs of copper overloading put
forward a critical role of this metal in regulating the basic
motor cortex excitability.

Another important point is the effect of these heavy
metals in the modulation of GABAergic neurotransmis-
sion. Both GABA-A and GABA-B are impaired in these
diseases. Specifically, in copper accumulation we ob-
served less inhibition, substantiated by the reduction of
SICI and CSP that represent GABA-A and GABA-B
intracortical circuits, respectively. Such results are also
corroborated by experiments on cells and mice models
that have consistently demonstrated the neurotoxic effect
of copper overloading on GABAergic synaptic transmis-
sion [3, 4].
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shorter cortical-silent period (CSP) (D). On the contrary, NBIA patients
showed only an abnormal prolongation of CSP (D), and normal motor
thresholds, SICI, ICF (Intracortical facilitation), and SAI (short-latency
afferent inhibition) (C) curve. *p < 0.05

Regarding patients with NBIA, instead, it seems that there
is a selective disinhibition of GABA-B intracortical circuits,
as demonstrated by the prolongation of CSP.

Interestingly, prolonged CSP has been reported in patients
with cortical and subcortical ischaemic infarction [21] and in
patients with cerebellar disease [22, 23]. Importantly cerebel-
lar cortex and dentate nucleus involvement has been consis-
tently described in patients with NBIA, reaching almost the
100% in patients with aceruloplasminemia [24, 25]. The alter-
ation of cerebellar output toward the thalamic relay seems to
cause a defective excitation within intracortical motor circuits
resulting in excessive prolongation of CSP. Such hypothesis
seems to be also substantiated by our PET-FDG data, showing
a relative hypometabolism of cerebellum in the patient with
aceruloplasminemia (Fig. 1).

Even if CSP is thought to be mainly mediated by GABA-B
circuits, dopaminergic transmission has been demonstrated to
play a role [6]. Indeed, in Parkinson’s disease, characterized by
dopaminergic deficit, CSP has been found abnormally short
[26] and related to rigidity [20]. Analogously, in Huntington’s
disease (HD), CSP shortening correlated with functional de-
cline over time [27] and, in the classic presentation of adult-
onset HD, rigidity appears with disease progression.
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In addition, our results, regarding NBIA patients, are in
line with the recent neurophysiological findings of Zittel
and colleagues that described in their family, affected by
PARKY9 with MRI signs of iron overloading, a selective
impairment of CSP and normal findings for SAI and SICI
[28]. Importantly, at the time of evaluation of our two
brothers, MRI could not detect any sign of iron accumu-
lation even if TMS already showed some abnormalities
[9]. A possible explanation of such discrepancy is that
our cases were younger respect to the Chilean patient
described by Zittel [28, 29], suggesting that the altered
pattern of cortical excitability can precede in some cases
metals-induced structural damage at MRI.

The distinct CSP profile observed across groups cannot
be due to different motor thresholds and, consequently,
different absolute stimulus intensities used to elicit the
CSP. Indeed, in NBIA patients, the CSP was abnormally
prolonged although the motor threshold was not different
from normal subjects. On the contrary, in WD patients,
the CSP was abnormally shortened, although the motor
threshold was higher than in healthy controls and NBIA
patients. In this context, our study may have even
underestimated the observed CSP changes.

Another interesting point is about SAI that is also con-
sidered a biomarker of cognitive impairment since it is
able to distinguish between cholinergic and non-
cholinergic forms of dementia [30, 31]. Interestingly, our
NBIA patients exhibited cognitive impairment ranging
from MCI with prominent executive dysfunction to a se-
vere dementia, but normal SAI findings, likely suggesting
non-cholinergic mechanisms underlying cognitive impair-
ment in these patients.

Overall the importance of our study is twofold. First, it
givesusa furtherunderstanding ofthe effects ofheavy metals
on cortical neurotransmission. This information could be
important to understand the pathophysiological mechanism
underlying acquired neurodegenerative disorders, where
heavy metals are drawing attention as possible cause of de-
generation [32]. Second, TMS protocols can help clinicians
in differential diagnosis between these conditions that most
of the time exhibit clinical and radiological overlapping fea-
tures. This aspect is extremely important also for starting as
soon as possible an adequate chelation therapy that can dra-
matically improve the prognosis of disease.
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