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Transcranial magnetic stimulation (TMS) is a painless  non- invasive 
brain stimulation technique which allows for activation of the intact 
human cortex (Barker et al., 1985). Stimulation of the primary motor 
cortex (M1) activates pyramidal output neurons, most likely transsy-
naptically via a chain of interneurons (Amassian et al., 1987; Ziemann 
and Rothwell, 2000; Di Lazzaro et al., 2004; Di Lazzaro et al., 2008). 
Pyramidal neurons in the motor cortex or interneurons within the 
same microcolumn projecting onto them receive somatosensory input 
at short latency and with high topographical specificity via afferents 
from somatosensory cortex (Rosen and Asanuma, 1972; Caria et al., 
1997). Thus, pairing of TMS of M1 conjointly with an afferent input 
to the motor cortex (such as somatosensory information by peripheral 
nerve stimulation) may result in convergent activation of neural ele-
ments in the motor cortex. Based on Hebb’s theoretical framework 
of synaptic plasticity (Hebb, 1949), it was hypothesized that this form 
of associative stimulation may induce timing dependent plasticity at 
the systems level in conscious humans.

Timing dependenT bidirecTional plasTiciTy in human 
corTex induced by paired associaTive sTimulaTion
In the original experiments of paired associative stimulation (PAS) 
of the human cortex, PAS consists of electrical stimulation of the 
median nerve at the wrist (MNS) followed by TMS of the con-
tralateral M1 (Figures 1A–C) (Stefan et al., 2000). Excitability 
of the corticospinal system is probed by TMS over the optimal 
scalp position for eliciting motor evoked potentials (MEPs) in a 

inTroducTion
Spike-timing dependent plasticity (STDP) has been studied exten-
sively in a variety of model systems, ranging from cultured neu-
rons (Bi and Poo, 1998) and cortical slice preparations (Magee and 
Johnston, 1997; Markram et al., 1997) to intact animals (Zhang 
et al., 1998; Jacob et al., 2007), but whether or not timing dependent 
plasticity can be studied at the systems level of the human cortex has 
been a matter of debate. Human models, however, may contribute 
particularly relevant information as they may aid in translating 
knowledge about synaptic plasticity derived from animal studies 
into diagnostic or therapeutic progress for patients and inform 
further experimental animal studies.
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N20
, PAS 

with an ISI between MNS and TMS of the individual N20-latency of the MN-SSEP; 
PAS

N20 + 2
, PAS with an ISI between MNS and TMS of the individual N20-latency of the 

MN-SSEP plus 2 ms; PAS
N20 − x

, PAS with an ISI between MNS and TMS of the indivi-
dual N20-latency of the MN-SSEP minus x ms (x = 2.5, 5, 15); PAS

x
, PAS with a fixed 

ISI between MNS and TMS of x ms (x = 10, 21.5, 25); PD, Parkinson’s disease; pHFS, 
peripheral high frequency stimulation; S1, primary somatosensory cortex; STDP, spike-
timing dependent plasticity; TMS, transcranial magnetic stimulation; UN, ulnar nerve.
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resting intrinsic hand muscle (M. abductor pollicis brevis, APB) 
(Figure 1D). The interval between MNS and TMS was chosen 
to be 25 ms (PAS

25
). The first component (N20) of the median 

nerve  somatosensory-evoked potential (MN-SSEP) typically 
arrives in the primary somatosensory cortex (S1) at around 20 ms 
(Figure 1D) (Allison et al., 1991). Taking into account some addi-
tional milliseconds for the MNS signal to be relayed from S1 to M1, 
it is thought that the afferent signal evoked by MNS arrives in M1 
nearly synchronously, or even shortly before transsynaptic excita-
tion of corticospinal neurons by the TMS pulse. MNS intensity is 
set at three times the perceptual sensory threshold. This intensity 
is generally subthreshold for activation of corticospinal neurons in 
contralateral M1, as evidenced by the absence of long latency elec-
tromyographic reflex activity in the target muscle, which typically 
requires MNS intensities close to the motor threshold in addition 
to voluntary muscle activation (Deuschl et al., 1985; Deuschl and 
Lücking, 1990). In contrast, TMS intensity is adjusted to result in 
action potentials in corticospinal neurons as indicated by elici-
tation of MEPs of, on average, 1 mV peak-to-peak amplitude. 
Ninety pairs of MNS and TMS applied at a frequency of 0.05 Hz 
over 30 min significantly increase MEP amplitudes in the resting 
APB muscle (Figure 1E) (Stefan et al., 2000). This effect is criti-
cally dependent on the interval between MNS and TMS because 
an interstimulus interval (ISI) of only 10 ms (PAS

10
) results in 

depression of MEPs (Figure 1F) (Wolters et al., 2003), while much 
longer ISIs of 100, 525, and 5000 ms have no effect (Stefan et al., 
2000). These experiments demonstrate a temporally asymmetric 
Hebbian-like rule governing PAS-induced changes of excitability 
in the human motor cortex.

The physiological properties of this potentiation and depres-
sion of MEPs comprise inducibility within 30 min, duration of 
30–60 min minimum, reversibility within 24 h and topographical 
specificity with respect to muscles with cortical representations 
not receiving dual and synchronous input from MNS and TMS 
(Stefan et al., 2000; Wolters et al., 2003). PAS most likely does not 
alter GABA

A
ergic inhibition in motor cortex (Stefan et al., 2002), 

as indexed by short-latency paired-pulse TMS (Kujirai et al., 1993; 
Ziemann et al., 1996). Thus, timing dependent PAS effects are 
very likely not associated with GABA

A
ergic disinhibition of the 

motor cortex. Experimental studies and modeling of PAS-induced 
changes in MEP amplitude as a function of the interstimulus inter-
val between the associative stimuli revealed dependence on near-
synchronicity of arrival of the two stimulus-induced events in M1, 
with a critical window in the order of tens of milliseconds and 
a relatively steep transition phase from depressant to facilitatory 
PAS effects (Figure 2) (Wolters et al., 2003, 2005). MEP ampli-
tudes increase when suprathreshold TMS-induced activation of 
pyramidal neurons presumably follows subthreshold activation 
of these neural elements by MNS by a few milliseconds; reversing 
the sequence of these events decreases MEP size (Wolters et al., 
2003). These findings are reminiscent of spike-timing dependent 
long-term potentiation (LTP) and long-term depression (LTD) 
windows for excitatory-to-excitatory connections as observed in 
animal experiments (Caporale and Dan, 2008).

Subsequent studies have modified the original LTP-like plastic-
ity inducing PAS protocol (Stefan et al., 2000) by using a slightly 
shorter interval between MNS and TMS of 21.5 ms (PAS

21.5
) 

(Weise et al., 2006) or by setting the interval to the individual N20 
latency (PAS

N20
) (Ziemann et al., 2004) or to N20 + 2 ms (PAS

N20 + 2
) 

(Müller et al., 2007; Jung and Ziemann, 2009). All these protocols 
result in a significant and long-term increase of MEPs because 
the temporal order of events in motor cortex, i.e., arrival of the 
MNS input within a few milliseconds before or synchronously with 
the TMS pulse, is obeyed. A form of rapid-rate paired associative 
stimulation with a stimulation rate of 5 Hz induces timing depend-
ent and long-lasting (up to 6 h) MEP increases within only 2 min 
providing evidence for rapid induction of PAS-induced LTP-like 
plasticity (Quartarone et al., 2006). The facilitatory PAS effect on 
MEPs has been shown to be dose-dependent, i.e., the magnitude 
and duration of MEP increases scale with the number of stimulus 
pairs (Nitsche et al., 2007). LTP-like PAS effects saturate at a level 
of around 160–170% of MEP baseline values (Wolters et al., 2003; 
Stefan et al., 2004; Nitsche et al., 2007).

The following lines of evidence suggest that the site of action 
of PAS-induced plasticity is at the level of the cortex: (i) PAS does 
not change the magnitude of F-waves, an index of spinal motor 
neuron excitability tested by median nerve stimulation, at the same 
time when MEP amplitudes were increased (Stefan et al., 2000). 
(ii) MEPs induced by electrical brainstem stimulation, which 
excites corticospinal axons directly at the level of the craniocervi-
cal junction, downstream of the cortex (Ugawa et al., 1991), remain 
unchanged after PAS (Stefan et al., 2000). (iii) The cortical silent 
period of electromyographic activity in the contracting APB mus-
cle, a TMS measure of motor cortical inhibition (Inghilleri et al., 
1993), is prolonged by PAS (Stefan et al., 2000) (discussed below in 
more detail). (iv) Epidural recordings of descending corticospinal 
activity evoked by TMS demonstrate PAS-induced changes of later 
descending volleys (Di Lazzaro et al., 2009a,b), which reflect the 
intracortical transsynaptic activation of pyramidal neurons by TMS 
(Ziemann and Rothwell, 2000; Di Lazzaro et al., 2004). (v) PAS-
experiments targeting the primary somatosensory cortex (reviewed 
in more detail below) provided evidence for selective modulation 
of components of somatosensory evoked potentials known to be 
generated exclusively cortically in strictly confined cortical regions 
(Wolters et al., 2005; Litvak et al., 2007). (vi) Reversing the direction 
of the induced current in the brain, which likely leads to prefer-
ential activation of intracortical elements located in upper corti-
cal layers with synaptic connection onto corticospinal neurons, 
allows to decrease the stimulus intensity to below the threshold for 
activation of corticospinal descending action potentials (Kujirai 
et al., 2006). (vii) Finally, PAS interferes in a highly specific manner 
with volitional preparatory cortical motor activity, as measured by 
changes in movement-related cortical potentials (MRCPs) in EEG 
recordings, affecting MRCPs only of those movements targeted by 
PAS (Lu et al., 2009).

Pharmacological studies showed that both PAS-induced timing 
dependent LTP- and LTD-like plasticity is dependent on N-methyl-
d-aspartate (NMDA) receptor activation because the NMDA recep-
tor antagonist dextromethorphan blocks both forms of plasticity 
(Stefan et al., 2002; Wolters et al., 2003). Moreover, PAS-induced 
LTD-like plasticity is blocked by the L-type voltage-gated calcium 
channel antagonist nimodipine (Wolters et al., 2003). These findings 
are in line with in vitro data indicating a role for NMDA receptors 
as coincidence detectors of pre- and postsynaptic activity during 
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Figure 1 | Paired associative stimulation induces timing dependent 
plasticity in the human primary motor cortex. (A) Experimental design. Paired 
associative stimulation (PAS) consisted of electrical right median nerve stimulation 
(MNS) and transcranial magnetic stimulation (TMS) of the left primary motor 
cortex (M1) over the optimal site for eliciting motor evoked potentials (MEPs) in a 
muscle of the right hand (M. abductor pollicis brevis, APB). Ninety pairs of stimuli 
were applied with a constant interstimulus interval (ISI) at a frequency of 0.05 Hz. 
Corticospinal excitability was probed before and after PAS by MEP amplitude in 
the right APB elicited by single-pulse TMS (adapted from Figure 1, Stefan et al., 
2000. Permission pending). (B) Experimental setup (see text for explanations). (C) 
Stimulation site of TMS superimposed on a 3-dimensional structural MRI (red dot 
over left precentral gyrus). The white dot over the left postcentral gyrus indicates 
the primary somatosensory cortex (S1) hand representation. (D) Illustrative 
examples of MEP in the target muscle (APB) elicited by single-pulse TMS over M1 
(red dot in B) at rest (left; arrow, time of TMS pulse delivery) and median nerve 
somatosensory-evoked potential (MN-SSEP) recorded from scalp electrodes 
overlying S1 (white dot in B), respectively. P14, P14-potential (positive deflection 
∼14 ms after MNS, arrowhead); N20, N20-potential (negative deflection ∼20 ms 

after MNS); P25, P25-potential (positive deflection ∼25 ms after MNS). (e) PAS 
with an ISI of 25ms between MNS and TMS of M1 (PAS25) induces long-lasting 
increases in MEPs. (e1) MEP amplitudes before and after PAS25 (arrow) from a 
representative subject at rest (resting amplitude, y-axis). The thick horizontal line 
indicates the mean resting MEP amplitude at baseline prior to PAS25, and the thin 
lines indicate one standard deviation. Note persistence of increased excitability for 
60 min and return to baseline 24 h after PAS25 (adapted from Figure 3B, Stefan 
et al., 2000. Permission pending). (e2) Time course of resting MEP amplitudes 
after PAS25 (arrow) normalized to baseline before PAS25. Data are means from 11 
subjects (±S.D.) and are binned to 5 min epochs after PAS25. MEP amplitudes after 
PAS25 are significantly increased compared to baseline for each of the six epochs 
(adapted from Figure 3A, Stefan et al., 2000. Permission pending). (F) PAS with an 
ISI of 10 ms between MNS and TMS of M1 (PAS10) induces long-lasting decreases 
in MEPs. Recordings from a representative subject (vertical bar, 1 mV; horizontal 
bar, 20 ms) and time course of mean MEP amplitudes at rest normalized to 
baseline before PAS10 (resting amplitude, y-axis) from 10 subjects (±S.E.M.) are 
shown. Filled squares indicate significant MEP amplitude decreases (adapted 
from Figure 3, Wolters et al., 2003. Permission pending).
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reversible, topographically specific both for the peripheral and 
the  transcranial stimulation, and confined to a narrow window of 
effective ISIs between MNS and TMS (Wolters et al., 2005; Litvak 
et al., 2007). Modeling the modulation of the P25 and MEP ampli-
tude as a function of the ISI between MNS and TMS over S1 and 
M1, respectively, showed that the timing and widths of the time 
windows in which LTP- and LTD-like effects can be induced by 
PAS are quite similar in S1 and M1, with S1 leading M1 by ∼7 ms 
(Figure 2) (Wolters et al., 2005). This delay of the turning point 
from LTD- to LTP-like plasticity by ∼7 ms in S1 vs. M1 may be just 
sufficient for polysynaptic propagation of afferent somatosensory 
signals from S1 to M1 (Wolters et al., 2005) via relays in Brodmann 
areas 1 and 2 (Jones, 1986). In contrast, first evidence suggests that 
human hippocampal synapses change their efficacy in response to 
timed pre- and postsynaptic activity according to a significantly 
wider and left-shifted STDP rule in comparison to PAS-induced 
LTD- and LTP-like plasticity in human sensorimotor cortex (Testa-
Silva et al., 2010). However, these findings cannot be directly com-
pared to the PAS data reviewed above, as Testa-Silva and colleagues 
employed a different experimental approach (ex vivo in vitro vs. 
in vivo), a different plasticity induction protocol (electrical pairing 
vs. paired associative electrical peripheral nerve stimulation and 
TMS) and studied a different tissue substrate (allocortex from 
drug-resistant [i.e. with a history of drug therapy] epilepsy patients 
vs. neocortex in healthy human subjects).

In summary, these experiments provide convergent physi-
ological and pharmacological evidence for the contention that 
PAS-induced timing dependent bidirectional changes of localized 
neural activity in the human sensorimotor cortex may represent 
STDP of synaptic efficacy or a closely related mechanism as studied 
at a cellular level. However, in the absence of invasive neuronal 
recordings any hypothesis about the precise nature or location of 
the cellular correlates of PAS-induced plasticity remains, to some 
extent, speculative. Specifically, a contribution of non-synaptic 
timing dependent modifications of intrinsic neuronal (Ganguly 
et al., 2000; Li et al., 2004) and/or local dendritic (Daoudal et al., 
2002; Wang et al., 2003; Frick et al., 2004) excitability cannot be 
ruled out. Homeostatic plasticity such as homeostatic synap-
tic scaling (Nelson and Turrigiano, 2008) has been shown not 
only to globally adjust synaptic strength to chronic alterations 
in network activity (Turrigiano et al., 1998), but also to rapidly 
tune the efficacy of individual synapses (Pozo and Goda, 2010). 
Therefore, a full physiological explanation of PAS effects may also 
include activity-dependent (intrinsic and synaptic) homeostatic 
plasticity (Nelson and Turrigiano, 2008; Shah et al., 2010) in 
addition to synaptic STDP-like mechanisms. Further complexity 
in interpreting PAS effects at a cellular or even molecular level 
derives from the complex interactions between Hebbian and non-
Hebbian forms of plasticity, the temporal and spatial aspects of 
which are just beginning to emerge (Nelson and Turrigiano, 2008). 
Finally, TMS-induced modifications of neural activity are cou-
pled to alterations in cerebral hemodynamics (Allen et al., 2007). 
However, the experiments by Allen and coworkers indicated that 
TMS-induced changes in hemodynamics are secondary to changes 
in spontaneous or evoked neural activity, thus being compatible 
with the notion that PAS effects may be largely explained by terms 
of neural plasticity.

both spike-timing dependent LTD and LTP induction, while fur-
ther mechanisms, likely involving Ca2+ influx through voltage-gated 
Ca2+ channels, additionally operate in spike-timing dependent LTD 
(Bi and Poo, 1998).

Further studies tested whether PAS induces timing depend-
ent Hebbian-like associative plasticity in other cortical areas, 
such as S1. Here, PAS consisted of pairing MNS and TMS of S1 
(Figure 1C). Excitability of the somatosensory cortex was probed 
by median nerve somatosensory-evoked cortical potentials 
(MN-SSEPs) (Figure 1D). These experiments demonstrated tim-
ing dependent bidirectional changes of the P25 cortical component 
of the MN-SSEP (Wolters et al., 2005), with associated behavio-
ral changes in two-point discrimination thresholds (Litvak et al., 
2007). Source modeling revealed that the changes in MN-SSEPs 
are best explained by synaptic modification of superficial layers 
2/3 of Brodmann area 3b (Litvak et al., 2007). These findings are 
consistent with animal data showing that STDP can be induced 
at excitatory vertical inputs from layer 4 onto layer 2/3 pyramidal 
neurons in rat barrel cortex with behavioral relevance (Feldman, 
2000). The N20 and P14 components of the MN-SSEP, which are 
thought to be generated in deeper cortical layers and subcorti-
cally in the thalamus, respectively, remain unchanged (Wolters 
et al., 2005). As for PAS of the motor system, PAS effects in the 
somatosensory cortex are rapidly inducible, long-lasting, yet 

Figure 2 | Time window of PAS-induced timing dependent LTP- and 
LTD-like plasticity in human sensorimotor cortex. X-axis, interstimulus 
intervals (in ms) between MNS and TMS are given with respect to the 
individual N20-latency of the median nerve somatosensory-evoked potential 
(MN-SSEP). Y-axis, M1 and S1 excitability as determined by MEP amplitude 
and the P25 component of the MN-SSEP, respectively, normalized to baseline 
before PAS. Fitted data are scaled to their relative extremes. , data from PAS 
of the primary motor cortex (M1), Wolters et al. (2003); •, data from PAS of the 
primary somatosensory cortex (S1), Wolters et al. (2005). In S1, LTD-like 
plasticity turns to LTP-like plasticity at an ISI 6.8 ms shorter than in M1 
(modified from Figure 6 from Wolters et al., 2005. Permission pending). 
Continuous and dashed lines indicate modeling of the function relating the 
PAS-induced magnitude of the P25 and MEP amplitude change, respectively, 
to the interval between the stimulation modalities. Modeling was done using 
commercially available software (DataFit program, Version 8.0, Oakdale 
Engineering, Oakdale, PA, USA). The following function was found empirically 
y = a + (x/b − c)/((x/b − c)4 + d). “const” in the figure corresponds to “a” in the 
model. A similar function was found, if a was set to 1.
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effect is occluded or even reversed to MEP depression when applied 
 subsequent to a prior PAS

N20 + 2
 priming protocol (Figure 3A) (Müller 

et al., 2007). In contrast, priming PAS
N20 + 2

 by an LTD-like plasticity 
inducing PAS protocol (PAS

N20 − 5
) leads to MEP facilitation similar 

to the naïve condition or when compared to priming with a con-
trol PAS protocol (PAS

Ctrl
), which does not change MEP amplitude 

(Figure 3A). Control experiments ruled out that the suppressive 
interaction between two consecutive LTP-like plasticity induc-
ing PAS

N20 + 2
 protocols is simply caused by a ceiling effect due to 

increased excitability of the stimulated cortex after the first PAS
N20 + 2

 
intervention (Figure 3A). These findings suggest that homeostatic 
metaplasticity governs timing dependent PAS-induced plasticity in 
the human M1, most likely homosynaptically (Müller et al., 2007). 

FuncTional signiFicance: invesTigaTions on human 
corTical physiology
To keep synaptic weights in a physiological range and maintain 
overall neuronal and network activity, modifications of synaptic 
strength need to be carefully controlled. Metaplasticity refers to an 
activity-dependent mechanism which manifests as a change in the 
ability to induce subsequent synaptic plasticity (Abraham and Bear, 
1996). PAS was used to induce timing dependent LTP-like plasticity 
(PAS

N20 + 2
) in the primary motor cortex (M1) and study its regu-

lation by prior activity in the stimulated neural pathway (Müller 
et al., 2007). In line with previous studies, this study showed that 
PAS

N20 + 2
 leads to a long-lasting increase in MEP amplitudes in the 

target muscle (APB) when applied to a naïve M1, but this LTP-like 

Figure 3 | Homeostatic metaplasticity governs timing dependent LTP-like 
plasticity in human primary motor (M1) and somatosensory (S1) cortex. 
(A) Homeostatic metaplasticity in M1. (A1) PAS was used to induce timing 
dependent LTP-like plasticity (PASN20 + 2), LTD-like plasticity (PASN20 − 5), or no change 
(PASCtrl) in the naïve M1 (data not shown). A second PAS protocol (PAS2) 30 min 
after the first PAS intervention (PAS1) always consisted of PASN20 + 2. PAS2 induced 
significant long-lasting MEP increases if primed by PASN20 − 5 or PASCtrl, but this 
effect was completely suppressed if primed by PASN20 + 2. PASN20 + 2 (control) and 
PASN20 − 5 (control) refer to control experiments, in which MEP amplitudes after priming 
with PASN20 + 2 or PASN20 − 5 were carefully re-adjusted to match those at baseline. 
The PAS2 effects are shown as MEP amplitude after PAS2 normalized to MEP 
amplitude after PAS1 but before PAS2. (A2) Time course over 30 min of PAS2 

effects primed by PASN20 + 2 (filled squares), PASN20 + 2 (control) (open squares), PASN20 − 5 
(filled circles), or PASN20 − 5 (control) (open circles). Data are means ± S.E.M. of 11 
subjects; asterisks indicate a significant difference to 1.0. (B) Homeostatic 
metaplasticity in S1. Changes in somatosensory cortical excitability (P25 amplitude 
of MN-SSEP, (B1)) and in tactile spatial discrimination (grating orientation task 
[GOT] threshold, (B2)) induced by peripheral high frequency stimulation (pHFS) of 
the median nerve alone (open circles), or by pHFS primed by PASN20 − 2.5 (open 
triangle) or PASN20 − 15 (filled square). PASN20 − 2.5 and PASN20 − 15 were shown to 
induce LTP- and LTD-like plasticity, respectively, in the naïve human S1 (cf. Figure 
2, and Wolters et al., 2005). Data are mean ± S.E.M normalized to pre pHFS; 
asterisks indicate a significant difference to 1.0 (modified, with permission, from 
Figure 3, Müller et al., 2007, and Figure 5, Bliem et al., 2008).
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may trigger LTP of existing synaptic connections. Continued skill 
learning may induce synaptogenesis and motor cortical reorgani-
zation with susceptibility to LTP induction being fully restored 
(Rosenkranz et al., 2007b). These findings support the view that 
motor learning may be associated in its initial phase with LTP-like 
mechanisms in human M1.

Homeostatic mechanisms control PAS-induced  plasticity in M1 
even when priming involves an afferent input to the motor cortex 
such as the projection from dorsal premotor cortex to M1 (Pötter-
Nerger et al., 2009). Due to the non-invasive nature of these studies 
the underlying cellular mechanisms remain unknown, but findings 
argue in favor of a global homeostatic integration of synaptic inputs 
within M1, consistent with homeostatic mechanisms formalized in 
the Bienenstock–Cooper–Munro theory of bidirectional synaptic 
plasticity (Bienenstock et al., 1982). Homeostatic metaplasticity and 
associated behavioral performance changes were also demonstrated 
in PAS experiments targeting the primary somatosensory cortex in 
humans (Bliem et al., 2008), indicating its generalizable occurrence 
in and across different regions of human cortex (Figure 3B).

Metaplasticity was also demonstrated in studies in which facili-
tatory or depressant PAS was applied after voluntary activation 
(Figure 4) (Ziemann et al., 2004; Stefan et al., 2006; Rosenkranz 
et al., 2007b). Repeated fastest possible thumb abduction move-
ments or isometric thumb abductions result in learning, defined 
by an increase in the maximum peak acceleration of the prac-
ticed movement, or by an increase of successful force production, 
and occlude subsequent PAS-induced LTP-like plasticity, or even 
reverse it to LTD-like plasticity (Figure 4A), whereas subsequent 
PAS-induced LTD-like plasticity is either enhanced (Figure 4B) 
or remains unchanged (Ziemann et al., 2004; Stefan et al., 2006; 
Rosenkranz et al., 2007b). In contrast, interactions between motor 
learning and PAS-induced LTP-like plasticity are not observed, 
when PAS is applied with a delay of 6 h after motor learning, or if 
PAS is applied to the motor cortex ipsilateral to the training hand 
(Stefan et al., 2006).

Which aspect of motor training with the intention to acquire 
motor skill is relevant for the temporary suppression of PAS-
induced timing dependent LTP-like plasticity or even its reversal to 
LTD-like plasticity? One hypothesis would be that voluntary activity 
per se without learning or skill acquisition is sufficient to act as an 
effective priming event. At least two arguments provide evidence 
against this notion to be the sole explanation for training-induced 
modulation of PAS effects (Ziemann et al., 2004; Stefan et al., 2006; 
Rosenkranz et al., 2007b): (i) When the same number of thumb 
abduction movements is performed slowly, this does not result 
in motor learning, and this form of motor practice does not alter 
subsequent PAS-induced plasticity (Ziemann et al., 2004). (ii) In 
another study (Rosenkranz et al., 2007b), subjects were instructed 
to optimize acceleration of fast thumb abduction movements dur-
ing multiple training sessions performed over 5 days (Rosenkranz 
et al., 2007b). PAS was used to induce LTP-like plasticity, and excita-
bility of M1 was tested by measuring input–output curves of MEPs. 
Task performance improved continuously over 5 days of training 
(Rosenkranz et al., 2007b). After practice on day 1, the PAS effect 
reversed from LTP-like to LTD-like plasticity in line with previous 
studies (Ziemann et al., 2004; Stefan et al., 2006). In contrast, on 
day 5 PAS-induced LTP-like plasticity was no longer influenced 
by the preceding motor practice but showed the same magnitude 
as at baseline before the first practice on day 1 despite a persistent 
practice-induced enhancement of the MEP input–output curve 
(Rosenkranz et al., 2007b). This differential modulation of tim-
ing dependent LTP-like plasticity by motor practice is consistent 
with the notion that not activity per se, but initial motor learning 

Figure 4 | Motor learning involves LTP-like mechanisms in human 
primary motor cortex. (A) Interactions between motor practice (MP) and 
timing dependent LTP-like plasticity induced by PASN20. The PASN20-induced 
long-lasting MEP increase (PASN20 alone, filled square) was completely 
suppressed by MP associated motor learning immediately prior to PAS (gray 
squares). White squares refer to a control experiment in which any increase in 
MEP amplitude induced by MP was adjusted for by a reduction in TMS 
intensity (reinstallation of baseline MEP amplitude (MEP1mV) at time point B1) 
(adapted, with permission, from Figure 4, Ziemann et al., 2004). 
(B) Interactions between MP and timing dependent LTD-like plasticity induced 
by PASN20 − 5. Note that motor learning enhanced the lasting decrease in MEP 
amplitude induced by PASN20 − 5 alone (adapted, with permission, from Figure 
5, Ziemann et al., 2004).
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disorders. PAS-induced facilitation of corticospinal excitability is 
reduced or absent in a variety of neuropsychiatric disorders, con-
sistent with observations of impaired synaptic plasticity in ani-
mal models of these disorders. In Parkinson’s disease (PD), where 
degeneration of the nigrostriatal dopaminergic projection occurs, 
two studies showed that PAS with an interstimulus interval between 
MNS and TMS to induce LTP-like plasticity does not increase 
MEP amplitudes in the APB muscle of the more affected side in 
patients off medication (Morgante et al., 2006; Ueki et al., 2006) 
while another study reported stronger PAS-induced timing depend-
ent LTP-like plasticity and loss of topographical specificity in PD 
patients off therapy in comparison to a control group (Bagnato 
et al., 2006). Reduced plasticity could be restored in a subgroup of 
patients by dopamine replacement therapy (Morgante et al., 2006; 
Ueki et al., 2006). Reduced plasticity was also found in two other 
disorders that have been linked with abnormal dopaminergic trans-
mission: restless legs syndrome (Rizzo et al., 2009b) and schizo-
phrenia (Frantseva et al., 2008). Qualitatively different observations 
were made in writer’s cramp, a neurological disorder characterized 
by excessive and inappropriate muscular activation during writing. 
Both PAS-induced LTD- and LTP-like plasticity were enhanced in 
magnitude and duration in M1 (Quartarone et al., 2003; Weise 
et al., 2006) and S1 (Tamura et al., 2009). Moreover, in dystonic 
patients PAS may induce changes in MEP amplitudes in muscle 
representations of the functional surround of the representation 
receiving associative stimulation (Weise et al., 2006), suggesting a 
loss of the topographical specificity of PAS-induced timing depend-
ent plasticity (Figure 5).

Plasticity mechanisms including activity-dependent rewiring 
and synaptic strengthening provide the physiological basis for 
long term functional recovery, for instance after stroke (Murphy 
and Corbett, 2009). Non-invasive brain stimulation techniques 
such as PAS may be applied to modulate cellular mechanisms of 
synaptic plasticity. In support of this notion, motor learning in 
healthy subjects can be bidirectionally modulated by prior PAS 
(Figure 6) (Jung and Ziemann, 2009). Motor learning, indexed 
by an increase in peak acceleration of the trained rapid thumb 
flexion movements, is enhanced by induction of timing depend-
ent LTD-like plasticity (PAS

N20-5
) 90 min prior to motor practice, 

but suppressed if primed by LTP-like plasticity inducing PAS
N20 + 2

 
(Figure 6B) (Jung and Ziemann, 2009). These findings are in 
line with homeostatic metaplasticity rules regulating LTP-like 
processes such as motor learning in human M1 reviewed above 
(Ziemann et al., 2004; Stefan et al., 2006; Müller et al., 2007), 
and provide proof-of-principle that modulation of Hebbian-like 
associative plasticity by PAS may translate into behavioral per-
formance gains. Additionally, the study by Jung and Ziemann 
(2009) reveals that motor learning immediately following PAS 
shows partly non-homeostatic interactions, i.e., motor learning 
is enhanced if primed by PAS

N20 + 2
 (although to a lesser extent 

than after PAS
N20 − 5

) (Figure 6A) (Jung and Ziemann, 2009). This 
suggests that homeostatic metaplasticity is fully expressed only 
if there is a sufficient delay between priming protocol and the 
subsequent learning process. The underlying mechanisms of 
this non-homeostatic interaction can only be speculated upon. 
They include blockade of immediately subsequent LTD-like proc-
esses to prevent erasure of the just induced LTP-like plasticity 

The magnitude of PAS-induced LTP-like plasticity is highly 
variable interindividually (Ridding and Ziemann, 2010) and PAS 
effects decrease significantly with age (Müller-Dahlhaus et al., 2008; 
Tecchio et al., 2008; Fathi et al., 2010). Likewise, professional musi-
cians show a wider modification range of PAS-induced timing 
dependent plasticity than non-musicians, as demonstrated by a sig-
nificantly enhanced increase and decrease of MEP amplitudes after 
PAS protocols to induce LTP- and LTD-like plasticity, respectively 
(Rosenkranz et al., 2007a). Similarly enhanced plasticity was noted 
in physically active individuals (Cirillo et al., 2009). The mechanisms 
of these findings are not clear, but interindividual differences in the 
expression level of key neural signals for synaptic plasticity, such as 
brain-derived neurotrophic factor (BDNF), which was shown to 
influence experience-dependent and PAS-induced motor cortical 
plasticity (Kleim et al., 2006; Cheeran et al., 2008), may, among oth-
ers, account for the observed broad variation of timing dependent 
PAS effects between subjects. Moreover, LTP-like PAS effects were 
shown to be critically dependent on the subject’s attention to the 
stimulation (Stefan et al., 2004). Direct evidence for a role of neu-
romodulators such as dopamine, norepinephrine, and acetylcholine 
in shaping associative plasticity in the human cortex comes from 
pharmacological studies (Ziemann et al., 2006; Kuo et al., 2007, 
2008). Likewise, cortisol and GABA

B
ergic input may suppress PAS-

induced LTP-like plasticity (McDonnell et al., 2007; Sale et al., 2008). 
These findings are consistent with data from animal experiments 
showing that STDP is substantially regulated by neuromodulatory 
and inhibitory input (Caporale and Dan, 2008).

The cortical silent period of electromyographic activity in 
the contracting APB muscle, a TMS measure of motor cortical 
inhibition (Inghilleri et al., 1993), is prolonged by PAS (Stefan 
et al., 2000). PAS may also modulate other aspects of intracor-
tical inhibition such as long-latency inhibition, which refers to 
the suppression of the MEP evoked by single-pulse TMS when 
conditioned by either peripheral afferent or magnetic corti-
cal stimulation applied at long (>100 ms) intervals (Russmann 
et al., 2009). Recent studies utilizing associative stimulation of 
homologous areas of left and right human M1 demonstrated an 
interstimulus interval-specific increase of MEP in the conditioned 
M1 (Koganemaru et al., 2009; Rizzo et al., 2009a). This change in 
corticospinal excitability by cortico-cortical PAS is associated with 
a modulation in interhemispheric inhibition, the suppression of 
one primary motor cortex by the contralateral homologous M1 
(Rizzo et al., 2009a). These studies indicate that PAS may influence 
inhibitory actions, but whether this occurs through an effect on 
synapses from inhibitory interneurons onto pyramidal cells or 
indirectly via modulation of excitatory connections, has not been 
established unequivocally. The studies by Rizzo et al. (2009a) and 
by Koganemaru et al. (2009) also suggest that timing dependency 
may govern plasticity between interconnected cortical areas. How 
this shapes functional and effective connectivity in health and 
disease is currently not known.

paThophysiology and modulaTion oF synapTic 
plasTiciTy in neuropsychiaTric paTienTs
Inducing timing dependent bidirectional plasticity in the human 
cortex by PAS offers the possibility to assess Hebbian-like associa-
tive plasticity on the systems level in patients with neuropsychiatric 



Frontiers in Synaptic Neuroscience www.frontiersin.org July 2010 | Volume 2 | Article 34 | 8

Müller-Dahlhaus et al. STDP in the human cortex

Figure 5 | Altered timing dependent LTP-like plasticity in human primary 
motor cortex (M1) in patients with writer’s cramp. PAS consisted of either 
electrical median nerve (MN) stimulation combined with TMS over the M. 
abductor pollicis brevis (APB) M1 representation [upper left scheme in (A) and 
(B)] or ulnar nerve (UN) stimulation combined with TMS over the M. abductor 
digiti minimi (ADM) M1 representation [lower left scheme in (A) and (B)]. 
PAS-induced changes in MEP amplitude were assessed from both muscles, 
which served as a homotopic target (black in the right schemes) stimulated by 
PAS (APB in MN-PAS, ADM in UN-PAS) or heterotopic target not stimulated by 

PAS (APB in UN-PAS, ADM in MN-PAS). (A) In healthy controls, combined data 
from MN-PAS and UN-PAS with an ISI of 21.5 ms between electrical peripheral 
nerve and magnetic cortex stimulation (PAS21.5) revealed MEP amplitude 
increases in homotopically stimulated muscle representations only (black bars) 
(adapted from Figure 2C, Weise et al., 2006. Permission pending). (B) In 
contrast, in patients with writer’s cramp, following PAS21.5 MEP amplitudes 
increased in both homotopically (black bars) and heterotopically (white bars) 
stimulated muscle representations. Asterisks indicate a significant difference 
from baseline (adapted from Figure 3C, Weise et al., 2006. Permission pending).

(cf. Peineau et al., 2007) and facilitation of learning if the prim-
ing LTP-like plasticity did not saturate the synaptic modification 
range (cf. Berger, 1984).

First evidence suggests that PAS can induce timing depend-
ent plasticity in patients with chronic stroke, but whether this 
translates into behavioral performance gains is currently not 
known (Jayaram and Stinear, 2009). Several other important 
questions remain open: what is the best time window for prim-
ing interventions (e.g., PAS) to facilitate LTP-dependent processes 
such as motor learning? Which patients benefit most/at all, as 
these mechanisms may be altered in brain disease (Quartarone 
et al., 2005)? How do priming effects change during repeated 

 interventional sessions (Rosenkranz et al., 2007b)? And what is 
the role of  neuromodulatory pharmaceuticals in the framework of 
stimulation-induced timing dependent plasticity? Clearly, further 
studies are needed to address and clarify these issues. Only then 
plasticity-inducing non-invasive brain stimulation techniques 
such as PAS can be fully exploited to purposefully modulate motor, 
sensory and cognitive functions in humans.

summary
Paired associative stimulation (PAS) of the human sensorimotor 
cortex by electrical peripheral nerve and conjoint TMS may induce 
timing dependent bidirectional long-lasting excitability changes in 
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