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In animal models of Alzheimer’s disease (AD), mechanisms of cortical plasticity such as long-term potentiation (LTP) and long-term

depression (LTD) are impaired. In AD patients, LTP-like cortical plasticity is abolished, whereas LTD seems to be preserved.

Dopaminergic transmission has been hypothesized as a new player in ruling mechanisms of cortical plasticity in AD. We aimed at

investigating whether administration of the dopamine agonist rotigotine (RTG) could modulate cortical plasticity in AD patients, as

measured by theta burst stimulation (TBS) protocols of repetitive transcranial stimulation applied over the primary motor cortex. Thirty

mild AD patients were tested in three different groups before and after 4 weeks of treatment with RTG, rivastigmine (RVT), or placebo

(PLC). Each patient was evaluated for plasticity induction of LTP/LTD-like effects using respectively intermittent TBS (iTBS) or continuous

TBS protocols. Short-latency afferent inhibition (SAI) protocol was performed to indirectly assess central cholinergic activity. A group of

age-matched healthy controls was recruited for baseline comparisons. Results showed that at baseline, AD patients were characterized

by impaired LTP-like cortical plasticity, as assessed by iTBS. These reduced levels of LTP-like cortical plasticity were increased and

normalized after RTG administration. No effect was induced by RVT or PLC on LTP. LTD-like cortical plasticity was not modulated in any

condition. Cholinergic activity was increased by both RTG and RVT. Our findings reveal that dopamine agonists may restore the altered

mechanisms of LTP-like cortical plasticity in AD patients, thus providing novel implications for therapies based on dopaminergic

stimulation.

Neuropsychopharmacology (2014) 39, 2654–2661; doi:10.1038/npp.2014.119; published online 18 June 2014
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INTRODUCTION

In the case of Alzheimer’s disease (AD), synaptic loss is the
strongest pathophysiological correlate of cognitive decline,
indicating that synaptic degeneration has a central role
in the development of dementia (Klyubin et al, 2008).
Experimental animal models showed that accumulation of
soluble Ab oligomers specifically block mechanisms of
cortical plasticity such as hippocampal long-term potentia-
tion (LTP) (Shankar et al, 2008) which is regarded as an
electrophysiological correlate of learning and memory
(Palop and Mucke, 2010). In contrast, these oligomers have
been shown to electrically facilitate evoked long-term
depression (LTD) (Li et al, 2009). These events can in turn
induce changes in conformation of tau proteins, leading to
further detrimental effects on synaptic plasticity and
cognition (Boekhoorn et al, 2006). Similar mechanisms of
cortical plasticity can be investigated in vivo and non-

invasively in humans, although the plasticity-induction
procedures adopted are not completely identical in humans
and animals. In humans, LTP- and LTD-like measures may
be obtained by applying repetitive transcranial magnetic
stimulation (rTMS) over the primary motor cortex (M1),
through protocols of theta burst stimulation (TBS) mimick-
ing those described in animal models (Huang et al, 2005). In
particular, 600 stimuli of continuous TBS (cTBS) are known
to induce reliable LTD-like after-effects, whereas intermit-
tent TBS (iTBS) can be used to obtain the opposite LTP-like
effect (Huang et al, 2005). In AD patients, LTP-like cortical
plasticity has been reported to be severely dampened when
investigating M1 (Koch et al, 2012). This brain area is not
severely affected by AD pathology, at least in its early clinical
stages. For this reason, M1 can be used as a reliable model to
assess cortical plasticity before the occurrence of diffuse
synaptic dysfunction and gray matter loss, which instead are
typically observed at later stages of the disease (ie, fully
developed dementia) (Suvà et al, 1999). Additionally, a strict
association has been reported between the levels of Tau
protein found in the cerebro-spinal fluid of AD patients and
the strength of cortical plasticity (Koch et al, 2011).

Dopamine is a key neuromodulator affecting several
distinct steps of synaptic transmission including the prob-
ability of neurotransmitter release, the postsynaptic sensitiv-
ity to neurotransmitter and the membrane excitability of the
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pre- and postsynaptic cells (Tritsch and Sabatini, 2012). Its
strong impact on motor cortical plasticity has been
documented in both healthy individuals (Kuo et al, 2008;
Monte-Silva et al, 2009) and patients with neurodegenerative
disorders such as Parkinson’s disease (Huang et al, 2011;
Kishore et al, 2012). There is experimental evidence
demonstrating that in the cerebral cortex, as well as in the
basal forebrain, dopamine modulates the activity not only of
pyramidal cells and GABA interneurons, but also of diffuse
cholinergic projections from neurons located in the basal
forebrain (Paspalas and Goldman-Rakic, 2005; Zhang et al,
2009). Notably, the dysfunction of dopaminergic transmis-
sion has been hypothesized as a new player in the
pathophysiology of AD (Joyce et al, 1998; Kemppainen
et al, 2003; Kumar and Patel, 2007; Martorana et al, 2010). In
animal models of AD, dopamine agonists may improve
memory and even reduce intraneuronal amyloid deposition
(Himeno et al, 2011). Localization studies of dopamine
receptors in AD brains have shown a preferential reduction
of dopamine D2-like receptors in the hippocampus and in
the prefrontal cortex (Kemppainen et al, 2003; Kumar and
Patel, 2007). Moreover, recent TMS studies performed over
M1 revealed that in AD patients the impaired cholinergic
transmission, measured by short-latency afferent inhibition
(SAI) protocol (Di Lazzaro et al, 2002), can be transiently
restored by the administration of Levodopa (Martorana
et al, 2009). Similar effects can also be observed with
rotigotine (RTG), a dopamine D2/D3 agonist (Martorana
et al, 2013). Taken altogether, these data impose a careful
investigation of the potential role of dopaminergic networks
in mediating the synaptic efficiency/dysfunction in AD. In
this study, we aimed at investigating the impact of D2/D3
agonist RTG on cortical plasticity in patients suffering from
mild AD. We hypothesized that dopaminergic stimulation
would increase the altered mechanisms of LTP-like cortical
plasticity that characterize AD patients (Koch et al, 2012).
After recruitment and baseline investigation of cortical
plasticity, patients were randomly assigned to three
experimental arms: RTG, rivastigmine (RVT) or placebo
(PLC). After 4 weeks , patients were reassessed for cortical
plasticity.

MATERIALS AND METHODS

Subjects

Thirty consecutive patients with a diagnosis of probable AD
according to the NINCDS-ADRDA Criteria (Varma et al,
1999) and 10 age-, sex- and education-matched healthy
subjects (HS) were recruited for this study (Supplementary
Table S1). All subjects underwent an extensive clinical
investigation, including interviews on their medical history,
a full neurological examination, the MMSE, a complete
blood screening, neuropsychological assessment, neuropsy-
chiatric evaluation, and magnetic resonance imaging. In the
30 days before entering the study, subjects had to be clear of
treament with any drug inducing modulatory effects on the
cerebral cortex excitability, such as antidepressants, benzo-
diazepines, anti-epileptic drugs, or neuroleptics. All AD
patients had to show a moderate level of dementia, as
assessed by a neuropsychological evaluation including the
MMSE (ranging from 18 to 24) and a standardized

neuropsychological battery (see below). Subjects were excluded
if they had either two or more hyperintense lesions with a
diameter X10 mm or more than eight hyperintense lesions
with a diameter between 5 and 9 mm on dual-echo MR
images (Bozzali et al, 2011). All participants (or their legal
guardian in the case they were uncapable) signed a written
informed consent after receiving an extensive disclosure of
the experimental details. The current study was performed
according to the Declaration of Helsinki and was approved
by the Ethics Committee of Santa Lucia Foundation IRCSS
in Rome (Prot. CE/AG4/PROG.392-08).

Transcranial Magnetic Stimulation

Motor-evoked potentials (MEPs) were recorded from the
right first dorsal interosseous (FDI) muscles using 9-mm
diameter, Ag–AgCl surface cup electrodes. Responses were
amplified with a Digitimer D360 amplifier (Digitimer, UK)
through filters set at 20 Hz and 2 kHz, then recorded by
computer using SIGNAL software, at a sampling rate of
5 kHz per channel (Cambridge Electronic Devices, UK). A
monophasic Magstim 200 device (Magstim, UK) was used to
define the motor hot spot in the left hemisphere and to
assess MEP size. The motor hot spot was defined as the
location where TMS consistently produced the largest
MEP size at 120% of resting motor threshold in the target
muscle (Rossini et al, 1994). A second coil was connected to
a biphasic Super Rapid Magstim stimulator (Magstim) to
deliver rTMS. In the cTBS protocol bursts at 80% active
motor threshold were repeated at 5 Hz (ie, every 200 ms),
whereas each burst consisted of three stimuli repeating at
50 Hz, for 40 s (600 pulses). In the iTBS protocol, a 2 s train
of TBS was repeated 20 times, every 10 s for a total of 190 s
(600 pulses) (Huang et al, 2005). Twenty MEPs were
collected and averaged at baseline. Then, over the same hot
spot, 20 MEPs were recorded at 1–5, 6–10, 11–15, 16–20, and
21–25 min after rTMS, and averaged. Although the LTP-like
effects can be still pronounced after this interval, recording
of MEP amplitude was stopped after 25 min in order to
account for patients’ compliance. SAI was investigated
using the technique that has been recently described (Sailer
et al, 2003), where the conditioning stimulus (CS) is a single
pulse (200 ms) of electrical stimulation applied through
bipolar electrodes to the right median nerve at the wrist
(cathode proximal). The intensity of the CS was set at just
over motor threshold for evoking a visible twitch of the
thenar muscles. The intensity of the cortical magnetic test
stimulus (TS) was adjusted to evoke a muscle response in
the relaxed right FDI with an amplitude of about 1 mV
peak-to-peak. The CS to the peripheral nerve preceded the
cortical magnetic TS by different interstimulus intervals
(ISI), that ranged from � 4 to þ 8 ms from the N20
component, in steps of 4 ms (Martorana et al, 2013). Ten
stimuli were delivered at each ISI. Subjects were provided
with audiovisual feedback at high gain, in order to assist
them in maintaining complete relaxation. The inter-trial
interval was set at 5 s (±10%), for a total duration of
B5 min. Measurements were made on each individual trial.
The mean peak-to-peak amplitude of the conditioned
MEP at each ISI was expressed as a percentage of the mean
peak-to-peak amplitude of the unconditioned test pulse in
that block.
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Cognitive Assessment

All AD patients underwent a neuropsychological examina-
tion including a general cognitive index (Mini Mental
Examination State), and the following neuropsychological
tests for the specific cognitive domains (Carlesimo et al,
1996): (1) 15 Rey’s Word List (immediate and 15-min
delayed recall) to investigate verbal episodic long-term
memory; (2) forward and backward Digit span and the
forward and backward Corsi Block Tapping task to
investigate short-term memory and working memory; (3)
frontal assessment battery (FAB) to investigate executive
functions (Apollonio et al, 2005). Parallel versions were
used in the different sessions.

Drug Administration and Experimental Design

After recruitment and baseline assessments, AD patients
were assigned to RTG (n¼ 10), RVT (n¼ 10) or PLC
(n¼ 10). Physicians involved in TMS recordings and cogni-
tive assessments were completely blind on which experi-
mental branch each patient was belonging to. All treatments
and PLC were administered for 4 weeks with no interrup-
tions. RTG was administered through a 4 mg transdermal
patch (Neupro, UCB pharma), after having started with
a 2 mg patch for 1 week. We chose this scheme because such
a drug has been previously found to be effective in
modulating cholinergic activity in AD patients (Martorana
et al, 2013). We chose to test the effects of RTG, which has
an impact only on a subset of dopamine receptors, and not
those of levo-dopa, which has a more global DA activation,
because RTG can be administered with transdermal patches
and it is well tolerated in AD patients (Martorana et al,
2013). Domperidone was administered in the case of
dizziness occurrence. RVT was administered using Exelon
Patch 4.6 mg. PLC was administered using a transdermal
patch similar to those medicated. In all cases, each daily
patch was maintained for 24 h. The Monday before starting
drug/PLC administration, and the Friday at the end of
4-week treatment, AD patients underwent TMS recordings
and cognitive assessment. There was an interval of at least
1 h between the different TMS protocols. The order of TMS
protocols was pseudorandomized in the different sessions.

For further follow-up evaluation, seven patients in the
RTG group were kept on the same drug administration
(4 mg transdermal patch) for 8 additional weeks. In these
patients, another evaluation was performed on the Monday
following the end of treatment, and reassess by TMS and
nueropsychological testing the Friday of the 12th week.

Data Analysis

Data were analyzed using SPSS for Windows version 11.0;
we measured the percentage of change of peak-to-peak
amplitudes of the mean MEPs at baseline for each subject in
each condition. At baseline two-way repeated measure
ANOVAs were performed for each protocol (cTBS, iTBS)
with TIME (1–5, 6–10, 11–15, 16–20, and 21–25 min after
TBS) as within subjects factor and GROUP (RTG, RVT, PLC,
HS) as between subjects factor. To test the effects of the
drugs, different repeated measure ANOVAs were performed
for each protocol (cTBS, iTBS) with SESSION (baseliine vs

end of treatment), TIME (1–5, 6–10, 11–15,16–20, and 21–
25 min after TBS) as within subjects factors and GROUP
(RTG, RVT, PLC) as between subjects factor. For the SAI
recordings, the electrophysiological parameters of AD
patients were compared at baseline with those of age-
matched controls by means of repeated measures ANOVA,
with ISI (� 4, 0, þ 4 and þ 8 ms plus the latency of the
N20) as within subject factor and GROUP (RTG, RVT, PLC
vs HS) as between subjects factor. To test the effects of the
drugs, different repeated measure ANOVAs were performed
with SESSION (before vs end of treatment) and ISI (� 4, 0,
þ 4 and þ 8 ms plus the latency of the N20) as within
subjects factors and GROUP (RTG, RVT, PLC) as between
subjects factor. The Greenhouse–Geisser correction was
used for nonspherical data. When a significant main effect
was reached, paired t-tests with Bonferroni correction
(po0.05) were used to characterize the different effects in
all experiments. Mauchley’s test examined for sphericity. To
compare the effects of RTG, RVT, and PLC on cognitive
performance before and after the treatment, paired t-tests
were performed separately for each test. For all statistical
analyses, a p valueo0.05 was considered to be significant.

RESULTS

The entire procedure was well tolerated in all subjects. The
mean (SD) AMT (calculated as a percentage of maximal
stimulator output) for TMS was significantly lower in
AD patients (RTG: 34.2%; RVT: 33.8%; PLC: 35.2%)
compared with HS (38.2%). Baseline MEP amplitudes did
not differ between AD subgroups (RTG (1.12±0.41 mV),
RVT (1.09±0.42 mV), PLC (1.21±0.42 mV)), and HS
(1.07±0.45 mV).

At baseline, for the cTBS protocol a repeated measures
ANOVA was performed on the percentage changes of the
mean MEP amplitude: no effect was seen for the GROUP
(F(3,34)¼ 0.96; p¼ 0.42) and TIME (F(4,136)¼ 0.52; p¼ 0.71)
main factors as was not significant (F(12,136)¼ 0.46; p¼ 0.92)
the interaction GROUP�TIME (Figure 1a). For the iTBS
protocol, there was a significant GROUP (F(3,34)¼ 17.02;
p¼ 0.0001; RTG vs HS: Cohen’s d¼ 0.81; RVT vs HS: Cohen’s
d¼ 0.74; PLC vs HS Cohen’s d¼ 0.41) but not TIME
(F(4,136)¼ 1.26; p¼ 0.28) main factor effect; the interaction
GROUP�TIME was significant (F(12,136)¼ 2.26; p¼ 0.01),
revealing that AD patients showed the expected altered LTP-
like cortical plasticity in comparison with HS (Figure 1b).
Accordingly, only in the HS group mean MEPs amplitudes
were increased in comparison with baseline at 6–10, 11–15;
16–20 and 21–25 min. (all po0.05 at paired t-test analyses).
The ANOVA analysis performed on SAI protocol at baseline
showed a significant ISI (F(2,102)¼ 31.3; p¼ 0.029) but not
GROUP (F(3,34)¼ 0.60; p¼ 0.61) main factor; the interaction
GROUP�TIME was not significant (F(9,102)¼ 0.95;
p¼ 0.48) (Figure 2).

The different drugs (RTG, RVT, PLC) did not induce any
effect on the cTBS protocol as shown by the ANOVA
(GROUP main factor: F(2,25)¼ 0.20; p¼ 0.81; SESSION
main factor: F(1,25)¼ 65.38; p¼ 0.007; TIME main factor:
F(4,100)¼ 0.42; p¼ 0.78; interaction GROUP� SESSION�
TIME: F(8,100)¼ 0.70; p¼ 0.75; Figure 3a). On the other
hand for the iTBS protocol, RTG induced an increase of
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LTP-like cortical plasticity in AD patients, as revealed by the
ANOVA showing significant GROUP (F(2,25)¼ 51.96;
p¼ 0.00004; RTG vs PLC: Cohen’s d¼ 0.81; RTG vs RVT:
Cohen’s d¼ 0.69) and SESSION (F(1,25)¼ 103.73;
p¼ 0.000001) main factors and GROUP� SESSION (F(2,25)
¼ 74.7; p¼ 0.000001) and GROUP�TIME ((8,100)¼ 23.4;
p¼ 0.02) interactions. The TIME main factor (F(4,100)¼ 0.24;
p¼ 0.88) and the other interactions were not significant
(TIME� SESSION (F(4,100)¼ 19.2; p¼ 0.11); TIME�
GROUP� SESSION (F(8,100)¼ 12.62;p¼ 0.27)). Post hoc
analysis with Bonferroni correction showed that LTP incre-
ased in the RTG group only (po0.0001 at all time points in
comparison with the other AD groups) (Figure 3b). Accord-
ingly, MEPs amplitudes were increased in comparison with
baseline only in the RTG group at 1–5, 6–10, 11–15,16–20 and
21–25 min. (all po0.05 at paired t-test analyses).

For the SAI protocol, the ANOVA showed significant ISI
main factor (F(3,75)¼ 6.63; p¼ 0.00038), ISI� SESSION
interaction (F(3,75)¼ 23.70; p¼ 0.0001) and GROUP�

Figure 1 After effects of the cTBS (a) and iTBS (b) protocols on MEP
amplitude in the different groups of Alzheimer’s disease patients at baseline
before starting the treatment with RTG, RVT, and PLC. A group of age-
matched HS was included for comparison at baseline only. Error bars
indicate SEM. Asterisks indicate po0.05 when comparing AD patients of
the different groups.

Figure 2 After effects of the SAI protocol on MEP amplitude in the
different groups of Alzheimer’s disease patients at baseline before starting
the treatment with RTG, RVT, and PLC. A group of age-matched HS was
included for comparison at baseline only. Error bars indicate SEM. Asterisks
indicate po0.05 when comparing AD patients of the different groups.

Figure 3 After effects of the cTBS (a) and iTBS (b) protocols on MEP
amplitude in Alzheimer’s disease patients at baseline (pre) and after 4
weeks (post) of treatment with RTG, RVT, and PLC. Error bars indicate
SEM. Asterisks indicate po0.05 when comparing AD patients of the
different groups.
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SESSION interaction (F(2,25)¼ 3.27; p¼ 0.04)). Post hoc
analysis showed that SAI was increased in comparison
with baseline at ISI¼ 0 ms in both RTG and RVT groups
(Figure 4).

For the seven AD patients retested after 12 weeks, the
analysis performed on the cTBS data did not show any effect
for both the SESSION (F(2,12)¼ 12.2; p¼ 0.07), and the
TIME main factors (F(4,24)¼ 26.31; p¼ 0.06), and the
SESSION�TIME interaction (F(8,48)¼ 20.3; p¼ 0.11)
(Figure 5a). For the iTBS protocol, there was a significant
SESSION (F(2,12)¼ 94.3; p¼ 0.0000001) but not TIME
(F(4,24)¼ 13.7; p¼ 0.16) main factor effect. The SESSION�
TIME interaction (F(8,48)¼ 16.86; p¼ 0.012) was signifi-
cant. Post hoc analysis with Bonferroni correction showed
that LTP increased in the RTG group in comparison with
baseline evaluation at 4 weeks at all time points (po0.001)
and at 12 weeks at 1–5, 6–10, 11–15 and 16–20 min (all
po0.01) (Figure 5b). For the SAI data, ANOVA revealed
significant SESSION (F(2,12)¼ 44.08; p¼ 0.0001), ISI
(F(3,18)¼ 3.25; p¼ 0.046) and SESSION� ISI interaction
(F(6,36)¼ 4.46; p¼ 0.017). Post hoc analyses showed that
SAI was increased in comparison with baseline at ISI¼ 0 ms
after 4 and 12 weeks of treatment with RTG (p all o0.05)
(Figure 5c).

To control for any change in cognitive functions,
neuropsychological scores obtained at baseline were com-
pared with those obtained after 4 weeks of treatment.
MMSE, RAVLT, Digit span, Corsi span, and FAB scores at
baseline did not differ between the three AD subgroups. The
repeated measure ANOVAs performed on the mean scores
for each different cognitive test before and after tretament
between the three groups of AD patients did not reveal any
difference. However paired t-test analysis comparing within
each group, the different cognitive scores before and after
tretament showed that in the RTG group there was an
improvement of MMSE scores (t(9)¼ 2.65, po0.05) and an
improvement of the FAB scores (t(9)¼ 2.47, po0.05). There
was no correlation between the individual percentage of
change in the MMSE and the FAB scores and the individual

Figure 4 After effects of the SAI protocols on MEP amplitude in
Alzheimer’s disease patients at baseline (pre) and after 4 weeks (post) of
treatment with RTG, RVT, and PLC. Error bars indicate SEM. Asterisks
indicate po0.05 when comparing AD patients of the different groups.

Figure 5 After effects of the cTBS (a) and iTBS (b) protocols on MEP
amplitude in the RTG Alzheimer’s disease patients group at baseline (pre),
after 4 and 12 weeks of treatment with RTG. (c) After effects of the SAI
protocols on MEP amplitude in the RTG Alzheimer’s disease patients group
at baseline (pre), after 4 and 12 weeks of treatment with RTG. The figure
shows the results of the subgroup of patients (n¼ 7) involved in the whole
12 weeks course. Error bars indicate SEM. *po0.05 between the 4 weeks
and the baseline evaluation. ^po0.05 between the 12 weeks and the
baseline evaluation.
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mean percentage change of MEP amplitude for the iTBS
protocol before and after RTG treatment (MMSE: r¼ 0.21;
p¼ n.s.; FAB: r¼ � 0.28; p¼ n.s.). In the RVT group there
was an improvement in the MMSE scores (t(9)¼ 2.36 po0.05)
(Supplementary Table S2), whereas no changes of MMSE
scores (t(9)¼ � 0.07, p¼ 0.94) and FAB scores (t(9)¼ � 1.93,
p¼ 0.09) were observed in the PLC group. For the cognitive
performances of seven AD patients of the RGT group that
were followed up at 12-week paired t-tests showed that there
were improvements in the MMSE (t¼ (6)2.71, po0.05) and
FAB (t(6)¼ 2.57; po0.05) (Supplementary Table S3).

DISCUSSION

Our study demonstrates that the dopamine agonist RTG has
the ability to restore altered mechanisms of LTP-like
cortical plasticity in AD patients.

The increase of LTP-like cortical plasticity is in line with
the notion that dopamine is a key player in modulating
cortical plasticity in healthy individuals (Kuo et al, 2008;
Monte-Silva et al, 2009) and in patients with Parkinson’s
disease (Huang et al, 2011; Kishore et al, 2012). It is indeed
well established from animal models that dopamine D1-
receptor activation prolongs LTP and LTD (Otmakhova and
Lisman, 1998). Conversely, positive and negative effects can
both be identified on LTP and LTD when stimulating D2/D3
receptors (Manahan-Vaughan and Kulla, 2003) indicating
that dopamine has a non uniform excitatory or inhibitory
function. In this view, dopamine can rather act as a strong
neuromodulator, with the ability of inducing an effect on
cortical activity and plasticity by changing the signal-to-
noise ratio (Seamans and Yang, 2004). This focusing effect
was confirmed in humans by use of neuroplasticity-
inducing stimulation paradigms, namely transcranial direct
current stimulation and paired associative stimulation
(PAS), which elicit time-dependent LTP- and LTD-like
effects on cortical excitability (Kuo et al, 2008). An
appropriate balance of D1 and D2 activity seems therefore
necessary to elicit a focusing effect (Nitsche et al, 2009). D2-
like receptor activation produces an inverted ‘U’-shaped
dose–response curve on plasticity, supporting the assump-
tion that modulation of D2-like receptor activity exerts
dose-dependent inhibitory or facilitatory effects on neuro-
plasticity in the human motor cortex (Monte-Silva et al,
2009). Crucially, a recent study examined effects of D2
receptor blockade sulpiride on the LTP/LTD-like effects of
TBS. Administration of sulpiride blocked the effects of both
iTBS and cTBS, showing that D2 receptors are strongly
involved in the generation of LTP/LTD-like effects mediated
by TBS (Monte-Silva et al, 2011). Dopaminergic stimulation
is also effective in modulating TBS effects in pathological
conditions in which dopaminergic depletion occurs, such as
Parkinson’s disease. These patients may present with
normal LTP-like effects when they assume a full dose of
Levodopa (Huang et al, 2011). In contrast, there is no LTP-
like effect when they are administered half a dose of
Levodopa (Huang et al, 2011). Moreover, these beneficial
boosting effects on plasticity convert to a negative effect as
disease advances (Kishore et al, 2012).

Our data indicate that a similar boosting effect can be
detected also in patients with mild AD. Notably, our AD

patients were treated with a RTG dosage of 4 mg, which is
considered as a relatively low dose. Further studies are
needed to clarify whether an increased dose of RTG could
further increase or even reduce the effects on LTP-like
cortical plasticity resembling the inverted ‘U’-shaped dose–
response curve on plasticity described in healthy controls
(Monte-Silva et al, 2009). One might argue that the
dopaminergic effects on cortical plasticity may be ascribed
to an interplay with the cholinergic transimission. On this
issue, it was recently demonstrated that, in patients with
mild AD, the administration of both Levodopa and RTG is
able to increase the levels of central cholinergic activity as
assessed by SAI (Martorana et al, 2009, 2013). In the current
study, the main analyses of SAI measurements did not show
any difference between RTG and RVT. This is in line to
what expected as both drugs are known to increase SAI
activity in AD (Di Lazzaro et al, 2002; Marotrana et al, 2009;
Monte-Silva et al, 2011; Di Lazzaro et al, 2005). This might
suggest that the effects on cortical plasticity induced by
RTG administration are specifically driven by dopaminergic
stimulation.

A role for the dopaminergic system in AD brains has long
been sought and it is still debated. Post mortem studies
revealed marked loss of dopamine receptors in the temporal
and frontal lobes of AD brains (Kemppainen et al, 2003;
Kumar and Patel, 2007; Martorana et al, 2010), regions
classically involved in cognitive decline. Interestingly, most of
the changes regarding the dopamine receptors, particularly
the D2 subtype, were found at rostral and mid-levels of the
temporal cortex, indicating that regions classically affected by
AD pathology are also sensitive to the loss of D2 receptors
(Joyce et al, 1998; Goldsmith and Joyce, 1996; Joyce et al,
1993; Ryoo and Joyce, 1994). These dopamine D2/D3
receptors may have an important role in the reciprocal
activity of large groups of neurons in the high-order
association cortical regions, and may promote the cognitive
and behavioural impairments observed in AD. Using anti-
peptide rabbit antibodies for each of the five dopamine
receptors (D1–D5), Kumar and Patel (2007) mapped their
distribution in the frontal cortex of post mortem AD brains
and reported a severe reduction of of D1 receptor, D3
receptor, and D4 receptor expression. Conversely, the D2
receptor expression was only moderately reduced. This
pattern could explain why the administration of the D2
agonist exerted such a powerful effect on cortical plasticity in
our sample of AD patients. Despite defective, the activity of
D2 receptors is likely to be potentiated by increasing the
levels of D2 agonists. In another series of studies, D2
receptors activity was evaluated in vivo by using PET. D2
receptor binding was significantly reduced in the striatum of
AD patients, even in the absence of overt extra-pyramidal
symptoms (Pizzolato et al, 1998). Kemppainen et al (2003)
reported that D2 receptor binding potentials are reduced in
the hippocampus by 30% in AD patients as compared with
controls. This reduction was found to be associated with both
cognitive (Kemppainen et al, 2003) and behavioral abnorm-
alities in AD patients (Tanaka et al, 2003).

Dopamine is known to have an important role in higher
cognitive functions such as memory, learning, attention,
and decision making (Backman et al, 2006; Cole et al, 2011).
Interestingly, animal and human studies have consistently
demonstrated that an inverted-U curve exists between
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dopaminergic signaling and cognition. Although low or
high levels of dopamine impair cognition, middle dosages
of dopamine appears necessary for optimal performances
(Baunez and Robbins, 1999; Boussaoud and Kermadi, 1997;
Cools and D’Esposito, 2011; Glickstein et al, 2005). This
phenomenon somewhat resembles what has already been
observed with cortical plasticity measurements (Monte-
Silva et al, 2009). Recent evidence revealed that, in animal
models of AD, dopamine agonists may improve memory
function of transgenic-AD mices, inducing decreases in
intraneuronal amiloid beta and tau protein deposition,
strongly suggesting that dopaminergic agents could be a
novel drug for AD (Himeno et al, 2011). However, the
involvement of dopamine in the cognitive symptoms in
patients with AD has been poorly investigated. Data are
limited to indirect evidence that AD patients with higher
MMSE scores have an increased capacity of striatal
dopamine synthesis (Kemppainen et al, 2003; Tanaka
et al, 2003). Notably in the RTG group, despite the clear
effects on LTP-like cortical plasticity, we only found a trend
towards some improvement for the frontal executive
functions. Moreover, we did not find any correlation
between the percentage of change of LTP-like cortical
plasticity and the relative change of the scores obtained in
the different cognitive tests after RTG administration.
Clearly, randomized controlled trials are needed to deter-
mine whether dopamine agonists may have a clinical
relevance in improving cognitive functions in AD patients.
These drugs could involve the modulation of the dopami-
nergic mesocortico-limbic pathway that has important roles
in reward, motivation, executive functions, learning, and
memory (Kurniawan et al, 2011).

This study has some limitations. The fact that dopaminer-
gic enhancement improved plasticity in these patients is not
a definite proof of the causal pathophysiological involvement
of the dopaminergic system in Alzheimer’s disease. It could
be argued that dopamine compensates for reduced choliner-
gic functions without being causally involved in pathophy-
siology. On the other hand, dopaminergic activity could be
diminished secondarily owing to loss of other transmitters/
modulators. Moreover, measures of plasticity were obtained
in the motor cortex, which is typically affected by AD
pathology at late disease stages. Future studies should focus
on the association cortex (eg, temporo-parietal junction or
dorsolateral preforntal cortex) using different neurophysio-
logical methods such as TMS in combination with EEG
(Veniero et al, 2013; Rajji et al, 2013).

In conclusion, we demonstrated that the administration of
dopamine agonists such as RTG is effective in modulating the
altered mechanisms of cortical plasticity that characterize AD
patients. This could open new perspectives for therapeutic
strategies to contrast cortical dysfunction in AD.
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