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■ Abstract Background Mutations
in the PINK1 gene, encoding a
mitochondrial protein kinase, represent the second cause of autosomal recessive parkinsonism
(ARP) after Parkin. While homozygous or compound heterozygous
mutations in these genes are unequivocally causative of ARP, the
role of single heterozygous mutations is still largely debated. An
intriguing hypothesis suggests that
these mutations could represent a
risk factor to develop parkinsonism, by contributing to nigral cell
degeneration. Since the substantia
nigra plays an important role in
temporal processing of sensory
stimuli, as revealed from studies in
idiopathic PD, we sought to investigate whether any subclinical sensory abnormalities could be de-

tected in patients with PINK1related parkinsonism and in
unaffected PINK1 heterozygous
carriers. Methods We adopted a
psychophysical method, the temporal discrimination paradigm, to
assess PINK1 homozygous patients,
unaffected relatives who were
heterozygous carriers of the same
mutations and healthy control
subjects. Temporal discrimination
threshold (TDT) and temporal
order judgement (TOJ) for pairs of
tactile, visual or visuo-tactile
stimuli were measured according
to a standardized protocol. Findings Higher mean tactile and
visuo-tactile TDTs and TOJs were
detected in PINK1 mutation carriers, including not only homozygous
patients but also healthy heterozygotes, compared to control subjects
(for all comparisons, p < 0.001). Interpretation In clinically unaffected
subjects, the mere presence of a
heterozygous PINK1 mutation is
sufficient to determine sensory alterations which can be disclosed by
a psychophysical task. Deficits in
temporal processing might be considered as subclinical signs of
alteration at least in PINK1-related
parkinsonism.
■ Key words PINK1 · Parkinson’s
disease · sensory systems ·
temporal discrimination ·
endophenotype
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Introduction
Parkinson’s disease (PD) is clinically characterized by
resting tremor, bradykinesia, rigidity and good response
to levodopa. The most significant alteration in PD is the
loss of dopaminergic neurons in the substantia nigra
pars compacta, an inherent constituent of the basal ganglia, which control movements through the corticalstriato-cortical loop [1]. However, the pathogenetic
mechanisms leading to neurodegeneration in PD are
only partially understood.
Although the majority of cases are sporadic, mutations in autosomal dominant (SNCA, LRRK2) and recessive (Parkin, PINK1, DJ-1) genes have been identified in
a small subset of patients [2]. Autosomal recessive parkinsonism (ARP) differs from idiopathic PD for the earlier age at onset, slower progression and more sustained
response to levodopa, yet there is wide phenotypic overlap and no specific clinical clues clearly allow differentiating between genetic and non-genetic PD [3]. While
two pathogenic mutations in a recessive gene unequivocally cause ARP, in a large subset of patients only one
heterozygous mutation can be detected despite extensive screening. Such heterozygous mutations are also
detected in some healthy controls, and their significance
is still debated. While these mutations are clearly not
sufficient per se to cause the disease, it has been suggested that they could act as susceptibility factors that
interplay with other genetic and/or environmental factors in a multifactorial setting [4, 5]. In line with this
hypothesis, functional neuroimaging studies have demonstrated subclinical signs of dopaminergic dysfunction in clinically unaffected Parkin or PINK1 heterozygous carriers [6–9],but these results warrant confirmation
through alternative approaches.
It has been long believed that the basal ganglia were
merely involved in controlling and programming movements. In the last two decades, owing to newly available
techniques, the role of these subcortical structures in
sensory and perceptual functions has been more precisely defined. Neuroimaging studies (PET and fMRI)
demonstrated that basal ganglia play a role in temporal
discrimination of sensory stimuli [10, 11] and in the reproduction of short and long time intervals [12]. Moreover, studies in patients with basal ganglia dysfunctions,
such as PD and dystonia, revealed that the ability of
these patients to process stimuli in time, such as to discriminate the interval between two stimuli [13–17], to
estimate and reproduce the duration of a time interval
[18, 19], and to tap finger according to precise time interval [19] is highly compromised. Worth noting, a recent study showed that a specific role in temporal processing has to be attributed to the substantia nigra pars
compacta [12], the more impaired structure in PD.
The main aims of the present study were 1) to reveal
whether PINK1 mutated patients had any dysfunctions

in temporal processing of sensory stimuli and 2) to evaluate whether such dysfunctions were present also in
healthy carriers of heterozygous mutations, thus representing a possible preclinical sign of disease related to
the underlying abnormal genetic substrate. To this purpose, we applied to affected homozygous and non-affected heterozygous mutation carriers, as well as to external control subjects, a paradigm previously developed
to investigate temporal discrimination [16, 20], a function already proven to be altered in idiopathic PD [13].

Methods
■ Participants
We recruited a total of 35 subjects who were part of the following
three groups: I) patients with homozygous PINK1 mutations (n = 7);
II) unaffected relatives of these patients, who were heterozygous carriers of the same mutations (n = 14); III) external control subjects, in
whom PINK1 mutations had been excluded (n = 14). PINK1 exon deletions or multiplications, as well as point mutations and exon rearrangements in the other two ARP genes Parkin and DJ-1, had been
also excluded in all cases. Inclusion criteria for all groups were the
absence of any neurological diseases (apart from PD in the patients’
groups) and normal sight, or corrected to normal.
■ I) PINK1 homozygous patients
This group was made up of seven patients (4 males and 3 females)
with clinical diagnosis of definite PD. Six patients (n. 2, 3, 4, 5, 6 and 7
in Table 1) belonged to the two original PARK6-linked families (families 1 and 2 in Bentivoglio et al., 2001 [21]) and were homozygous for
the W437X mutation [22], while one patient (n. 1 in Table 1) was an
isolated case from Abruzzi carrying the homozygous A168P mutation
[23]. Age ranged from 44 to 73 years (mean 56.6 ± 12.0 years), education level from 5 to 16 years (mean 10.1 ± 3.9 years) and duration of
disease from 7 to 27 years (mean 16.4 ± 8.1 years). Patients were examined after overnight withdrawal of their medications including
levodopa or dopaminergic drugs; the washout period lasted at least
12 hours. Severity scores were obtained by applying the Unified Parkinson’s Disease Rating Scale (UPDRS III) in the off state. Demographic, clinical information of all patients are provided in Table 1.
■ II) PINK1 asymptomatic heterozygous carriers
Fourteen healthy individuals (3 women and 11 men) heterozygous for
either the W437X or the A168P mutation were recruited among relaTable 1 Demographic and clinical information about the patients’ group
Patient

Age
(yrs)

Gender

Duration of
disease (yrs)

UPDRS III

1
2
3
4
5
6
7

53
44
46
73
57
73
50

m
m
f
f
m
m
f

16
7
16
8
27
27
14

7
6
15
28
12
27
6
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tives of PINK1 homozygous patients (group I). A detailed clinical
examination by at least two neurologists with expertise in movement
disorders did not disclose any manifestation of clinical parkinsonism.
Age ranged from 24 to 79 years (mean 45.8 ± 19.8 years) and education level ranged from 5 to 18 years (mean 10.6 ± 4.5 years).
■ III) External control subjects
Fourteen unrelated healthy subjects (10 women and 4 men) were also
recruited. Age ranged from 32 to 80 years (mean 46.0 ± 15.1 years) and
education level ranged from 5 to 18 years (mean 12.1 ± 5.3 years).
Mean age and education levels of the three groups were not significantly different (ANOVA, age: p = 0.330; education: p = 0.595). All
subjects gave their written informed consent prior to participation in
the study. The procedure was approved by the institutional ethics
committee and the study was carried out in accordance with the ethical standards of the 1964 Declaration of Helsinki.
■ Stimuli and procedure
We applied the temporal discrimination paradigm described in previous studies [16, 20] and briefly summarized here. Pairs of tactile,
visual or visuo-tactile stimuli were delivered in blocked, counterbalanced order to the left or right hemispace. Tactile stimuli (electrical
shocks) were applied to the left or right index and middle fingers,
while visual stimuli (green light emitting diodes) were positioned in
front of the subjects and aside from a central fixation point. Intervals
between stimuli (ISI) increased from 0 to 400 ms (in 10 ms steps). On
each trial, subjects had to report whether stimuli occurred simultaneously or asynchronously. We measured temporal discrimination
threshold (TDT), as the first out of three consecutive ISIs at which
subjects recognized the stimuli as asynchronous and temporal order
judgement (TOJ), as to the first of three consecutive ISIs at which
subjects not only recognized the stimuli as separated in time, but also
reported correctly which stimulus in the pair preceded (or followed)
the other.

Results
Mean intensity of stimulation used in homozygous
PINK1 patients (15.9 mA, SD 11.9), asymptomatic PINK1
heterozygotes (15.7 mA, SD 12.2) and external control
subjects (14.6 mA, SD 14.5) was comparable (ANOVA,
p = 0.970).
Since the PINK1 heterozygous carriers group and the
control subjects group were unbalanced for gender distribution (3 women/11 men and 10 women/4 men, respectively), we preliminarily ran separate t-tests for independent samples in each group, in order to test whether
performance could be influenced by gender. The t-tests
had ”gender” (male vs. female) as a between-subjects
factor and ”Combination of stimuli” (visual, tactile and
visuo-tactile) and ”Side of stimulation” (right and left)
as within-subjects factors. Analyses were performed for
TDT and TOJ values separately. We found no significant
effect of gender on TDT/TOJ neither in the control group
(for all comparisons: TDT: t(12) < 0.098, P > 0.114; TOJ:
t(12) < 0.438, P > 0.155) nor in the heterozygous group
(for all comparisons: TDT: t(12) < 0.984, P > 0.232; TOJ:
t(12) < 0.343, P > 0.373). This suggests that female and
male participants perform comparably the TDT task.

TDT and TOJ values were then analyzed through two
ANOVAs for repeated measures, in which the betweensubjects factor was the ”Group” (PINK1 homozygous
patients; PINK1 asymptomatic heterozygous carriers;
external control subjects), and the within-subjects factors were the ”Combination of stimuli” (visual, tactile
and visuo-tactile) and the ”Side of stimulation” (right
and left). Post hoc comparisons were carried out by using t-tests with Bonferroni correction.
The main effect of ”Group” was significant (TDT:
F(2,32) = 16.1, p < 0.001; TOJ: F(2,32) = 24.1, p < 0.001),
in that control subjects had lower thresholds
(mean ± standard deviation: TDT: 62.2 ± 30.0 ms; TOJ:
66.4 ± 32.4 ms) compared to PINK1 homozygous patients (TDT: 120.4 ± 64.4 ms; TOJ: 155.5 ± 81.3 ms) and to
PINK1 unaffected heterozygotes (TDT: 110.7 ± 59.7 ms;
TOJ: 129.3 ± 73.5 ms). No difference was observed within
the last two groups.
The factor ”Combination of stimuli” was also significant (TDT: F(2,64) = 67.4, p < 0.001; TOJ: F(2,64) = 68.1,
p < 0.001), insofar as visuo-tactile combinations (TDT:
132.0 ± 62.1 ms; TOJ: 148.8 ± 70.1 ms) required longer
inter-stimulus intervals than tactile (TDT: 89.8 ± 42.0
ms; TOJ: 115.4 ± 64.1 ms) and visual (TDT: 58.0 ± 20.4
ms; TOJ: 64.1 ± 28.4 ms) combinations. Moreover, temporal thresholds in the tactile combinations were significantly higher than in visual combinations. The interaction ”Group” X ”Combination of stimuli” (TDT:
F(4,64) = 7.0, p < 0.001; TOJ: F(4,64) = 9.4, p < 0.001) was
also significant. Post hoc comparisons showed that
PINK1 patients and PINK1 unaffected heterozygotes
were significantly more impaired than control subjects
in tactile and visuo-tactile tasks (for all comparisons,
TDT: p < 0.003; TOJ: p < 0.001). Conversely, in the visual
combination, only PINK1 homozygous patients had abnormal performance when compared to control subjects
(TDT: p = 0.022; TOJ: p = 0.010). Mean values and standard deviations of the three groups in the three experimental conditions are shown in Fig. 1. Ranges of TDT
and TOJ values in the three groups are shown in Table 2.
The Spearman correlation coefficient was used for
assessing the possible relationships between the UPDRS
severity score and TDT and TOJ. Severity of disease in
PINK1 homozygous patients correlated with performance only in the visual condition (p = 0.006).
In order to define a threshold value discriminating
between PINK1 heterozygous carriers and control subjects, we calculated the upper limit of normal TDT and
TOJ. The normal upper limits of TDT and TOJ values
were determined as the mean TDT (or TOJ) of the external control group plus 2 standard deviations. These values were calculated for the tactile and visuo-tactile combinations of stimuli, since only these two conditions
were significantly different between PINK1 unaffected
heterozygotes and controls. Normal upper limits were
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normal tactile and visuo-tactile TDT values were detected in 5 (71.4 %) and in 4 (57.1 %) out of 7 patients,
respectively. Abnormal tactile and visuo-tactile TOJs
were found in 5 (71.4 %) and in 6 (85.7 %) out of 7 patients. Overall, all homozygous patients had at least one
abnormal value. Single values of each subject are illustrated in Fig. 2.

PINK1 patients
250

TDT (msec)

200

asymptomatic heterozygotes
Control subjects

150
100

Discussion

50
0

250

TOJ (msec)

200
150
100
50
0

Visual

Tactile

Visuo-Tactile

PINK1

Fig. 1 Mean values and standard deviations of TDT and TOJ of PINK1 homozygous
patients, PINK1 unaffected heterozygotes and control subjects in the three combinations of stimuli separately. Lines indicate significant comparisons. Ranges of TDT
and TOJ values of the three groups are shown in Table 2

87.4 ms and 154.6 ms for the tactile and visuo-tactile
TDT, and 109.3 ms and 160.3 ms for the tactile and visuo-tactile TOJ. Any TDT/TOJ greater than this value
could be considered abnormal. Out of 14 PINK1 unaffected heterozygotes, 11 (78.6 %) and 9 (64.3 %) presented abnormal TDTs in the tactile and visuo-tactile
condition, respectively. Similarly, abnormal tactile and
visuo-tactile TOJs were detected in 10 (71.4 %) and 9
(64.3 %) healthy heterozygotes. Overall, 12 out of 14 heterozygous carriers had at least one abnormal value
(85.7 %). Regarding the homozygous patients group, abTable 2 Ranges of TDT and TOJ values
(in ms), from minimum to maximum, in
the three combinations of stimuli and in
the three groups

Our study highlights, for the first time, a link between
the presence of PINK1 mutations and the ability to perceive visual, tactile or visuo-tactile stimuli as temporally
separated. More specifically, higher temporal discrimination thresholds of tactile and visuo-tactile stimuli
have been found in PINK1 mutation carriers, including
not only affected individuals, but also unaffected heterozygous carriers, when compared to control subjects. Additional visual impairment was found only in PINK1
affected PD patients, but not in PINK1 non-affected carriers, suggesting that sensory deficits are more extended
in the former that in the latter group. This might due to
a more general deficit in basal ganglia-related timing
function in those who have developed a parkinsonian
phenotype. Discrimination thresholds of our PINK1 homozygous patients were closely similar to those described in idiopathic PD patients [13, 18]. These deficits
may be related to the primary disorder underlying PD,
which can be explained by dysfunctions of a neural network involving basal ganglia. As now largely known, this
set of structures is implicated not only in sensory-motor
control but also in higher-order functions [24, 25], such
as motor and perceptual timing operations [19, 26, 27],
and integration of sensory signals from different modalities [28]. Moreover, the specific role of the substantia
nigra, pars compacta, in processing time has been recently highlighted [12].
The detection of abnormal temporal discrimination
thresholds in heterozygous PINK1 carriers without clinical signs of parkinsonism is of great interest and supports the hypothesis that heterozygous mutations in
ARP genes might cause subclinical abnormalities in the
basal ganglia circuitry, resulting in impairment to process stimuli in time. Interestingly, a PET study previously performed on three unaffected heterozygotes included in the present study had shown a significant

TDT
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Fig. 2 Scatter plots of tactile and
visuo-tactile values in PINK1 homozygous patients (black squares), PINK1
heterozygous carriers (grey circles) and
control subjects (white triangles). The
dashed line represents the normal upper
limit (TDT/TOJ mean values of control
subjects + 2SD )
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reduction of 18F-dopa uptake in nigrostriatal neurons
compared to healthy controls [7]. It is worth noting that,
in these three subjects, individual TDT and TOJ values
were all above the upper normal limits in both tactile
and visuo-tactile tasks. The co-existence of metabolic
and psychophysical deficits strengthens the hypothesis
of a definite, albeit subclinical dopaminergic dysfunction in the striatum in healthy PINK1 heterozygous carriers. Similar PET results had been previously reported
by independent groups showing significant dopaminergic terminal loss in unaffected Parkin carriers [6, 9].
Further supporting these findings, a recent functional
MRI study in unaffected heterozygous Parkin carriers
revealed a reorganization of the striatocortical motor
loops in the context of internally selected movements,
interpreted by the authors as a compensatory effort to
overcome latent nigrostriatal dysfunction [8]. Interestingly, few Parkin and PINK1 heterozygotes have been
reported who showed very mild signs of parkinsonism,
not fulfilling the Brain Bank criteria for clinically definite PD but nevertheless suggestive of an underlying
dopaminergic defect, as confirmed by PET studies [9,
29]. Taken together, these results imply that heterozygous mutations in ARP genes may act similarly to induce
subclinical dopaminergic dysfunction. Whether this latent abnormality may represent a risk factor to develop
parkinsonism, along with concurrent genetic and environmental factors, it remains to be established. If this
were the case, it should be expected that the frequency
of heterozygous mutations in ARP genes would be higher
in patients than in healthy controls, but data from various mutation screenings are largely contradictory

VISUO-TACTILE

VISUO-TACTILE

[30–33]. These discrepancies can depend on a number
of variables, such as the pathogenic or benign nature of
so called ”mutations” or the age of control subjects
(young ones are still liable to develop the disease in future years). A recent meta-analysis of the frequency of
heterozygous mutations in Parkin and PINK1 genes in
large case-control studies disclosed marginally significant odds ratios of 1.9 and 2.1, respectively, suggesting
that ARP heterozygous mutations have only a slight effect on PD susceptibility [34]. Studies to explore the
functional role of heterozygous mutations in experimental models, analyses of ARP genes in larger cohorts
of healthy controls and clinical follow-up of unaffected
and mildly affected heterozygous carriers are warranted
to shed light on this pivotal issue.
In the present study, the overall proportion of falsenegatives is quite low (14.3 %). Only two unaffected heterozygous carriers (male brothers of 25 and 27 years of
age and of 13 years of education, heterozygotes for the
A168P mutation) had, indeed, both tactile and visuotactile values in the normal range. This suggests that,
despite the small sample of subjects, our paradigm has
good sensitivity in excluding false-negative results. It
should be noticed, however, that the normal threshold
values given here can not be considered as absolute and
generalized. Future studies on larger samples of control
subjects and PINK1 heterozygotes are needed to better
define precise TDT and TOJ values discriminating between groups.
The deficit of timing functions currently observed in
unaffected carriers suggests that a single PINK1 heterozygous mutation may be sufficient to cause abnormality
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in the temporal processing of sensory inputs, even in the
absence of an overt clinical phenotype. Since the ability
to process sensory stimuli is a pre-requisite to correctly
plan and control movement execution, its impairment
might prejudice an adequate control of motor functions
and thus could represent a possible “endophenotypic”
trait of basal ganglia dysfunction.
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