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h i g h l i g h t s

� PAS induces LTP/LTD-like plasticity non-invasively in the human motor cortex.
� PAS discloses abnormal plasticity in several neurological disorders.
� Evidence from ‘‘modified PAS” protocols promotes future applications in neuromorphic circuits.

a b s t r a c t

The original protocol of Paired Associative Stimulation (PAS) in humans implies repetitive cortical and
peripheral nerve stimuli, delivered at specific inter-stimulus intervals, able to elicit non-invasively
long-term potentiation (LTP)- and long-term depression (LTD)-like plasticity in the human motor cortex.
PAS has been designed to drive cortical LTP/LTD according to the Hebbian rule of associative plasticity.
Over the last two decades, a growing number of researchers have increasingly used the PAS technique
to assess cortical associative plasticity in healthy humans and in patients with movement disorders
and other neuropsychiatric diseases. The present review covers the physiology, pharmacology, pathology
and motor effects of PAS. Further sections of the review focus on new protocols of ‘‘modified PAS” and
possible future application of PAS in neuromorphic circuits designed for brain-computer interface.
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1. Introduction

Donald Hebb’s now-famous rule of synaptic plasticity states:
‘‘When an axon of cell A is near enough to excite a cell B and
repeatedly or persistently takes part in firing it, some growth pro-
cess or metabolic change takes place in one or both cells such that
A’s efficiency, as one of the cells firing B, is increased.” Although not
explicitly stated, the phrase ‘‘takes part in firing it” suggests very
strongly that there is a close temporal connection between occur-
rence of the input (A) and the firing of cell B. In other words, the
relative timing between synaptic input and post-synaptic activity
determines whether there will be a change in the effectiveness of
the synapse strength. Early animal work in the 1980ies and
1990ies (e.g. Levy and Steward, 1983) confirmed this idea, and
showed that in many cases, if synaptic input A preceded discharge
of cell B then synaptic strengthening occurred whereas if the order
was reversed, the synapse was weakened. The crucial concepts of
spike-timing dependent plasticity (STDP) had been born.

It was not before many years later that Stefan and colleagues
(2000) published the paper (which contains a widely reproduced
figure in the transcranial magnetic stimulation (TMS) literature
(see Fig. 1)) on paired associative stimulation (PAS) in humans.
Here, they demonstrated for the first time that the excitability of
motor cortex could be modulated if they paired somatosensory
and TMS inputs in a temporally specific manner. At the time, it
seemed to provide a direct link to the basic physiology of cortical
neurons that had been so well described in reduced animal prepa-
rations, and opened the possibility of testing their behavioral con-
sequences in awake, conscious individuals.

2. Section 1: physiology of PAS

PAS represents a non-invasive brain stimulation protocol by
which bidirectional changes of neuronal excitability can be
induced. In the original protocol one route of stimulation is via
somatosensory afferents and the other route via TMS of the motor

cortex, but pairings with events converging at other sites of the
nervous system and inductions with other stimulation modalities
have also generated comparable physiological effects. Repetitive
pairings of TMS of the primary motor cortex (M1) conjointly with
an afferent input to M1 (such as somatosensory information by
peripheral nerve stimulation, e.g. median nerve stimulation -
MNS), result in changes of the amplitude of motor evoked poten-
tials (MEP) (Stefan et al., 2000, for review see Müller-Dahlhaus
et al., 2010; Carson and Kennedy, 2013). The direction of changes
of MEP amplitudes critically depends on the interval between
MNS and TMS. This form of timing dependent plasticity in con-
scious humans has similarities with STDP as revealed in a variety
of model systems (Caporale and Dan, 2008), ranging from cultured
neurons (Bi and Poo, 1998) and cortical slice preparations (Magee
and Johnston, 1997; Markram et al., 1997) to intact animals (Zhang
et al., 1998). These similarities include rapid induction, lasting
duration and specificity to the stimulated representation, although
the latter property cannot be proven at a microscopic scale using
non-invasive stimulation methods. Several lines of evidence sug-
gested that the site of action of PAS-induced plasticity is at the
level of the cortex (Müller-Dahlhaus et al., 2010; Carson and
Kennedy, 2013). Inter-stimulus intervals (ISIs) in the order of 20–
25 ms led to a lasting enhancement of MEP amplitudes, whereas
ISIs of around 10 ms (PAS10) result in depression (Wolters et al.,
2003; Weise et al., 2013). This has been suggested to reflect the
sequence of events induced at the level of the M1 (Wolters et al.,
2003, 2005).

In the original version of PAS, the interval between MNS and
TMS was 25 ms (PAS25). The first component (N20) of the median
nerve somatosensory-evoked potential (MN-SEP) typically arrives
in the primary somatosensory cortex (S1) at around 20 ms
(Allison et al., 1991). Taking into account some additional millisec-
onds for the MNS signal to be relayed from S1 to M1, the afferent
signal evoked by MNS may arrive in M1 shortly before trans-
synaptic excitation of corticospinal neurons by the TMS pulse.
PAS also increased cortical excitability when the interval between

A. Suppa et al. / Clinical Neurophysiology 128 (2017) 2140–2164 2141



Download English Version:

https://daneshyari.com/en/article/5627583

Download Persian Version:

https://daneshyari.com/article/5627583

Daneshyari.com

https://daneshyari.com/en/article/5627583
https://daneshyari.com/article/5627583
https://daneshyari.com

