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Noninvasive Associative Plasticity Induction in a
Corticocortical Pathway of the Human Brain
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Coincident pairing of presynaptic and postsynaptic activity selectively strengthens synaptic connections, a key mechanism underlying
cortical plasticity. Using paired associative transcranial magnetic stimulation (TMS), we demonstrate selective potentiation of physio-
logical connectivity between two human brain regions, ventral premotor cortex (PMv) and primary motor cortex (M1) after repeated
paired-pulse TMS of PMv and M1. The effect was anatomically specific: paired stimulation of the presupplementary motor area and M1
did not induce changes in PMv-M1 pathway connectivity. The effect was dependent on stimulation order: repeated stimulation of PMv
before M1 led to strengthening of the PMv-M1 pathway, while repeated stimulation of M1 before PMv diminished the strength of the
PMv-M1 pathway. The expression of the change in the pathway depended on the cognitive state of the subject at the time of testing: when
the subject was tested at rest, paired PMv-M1 stimulation led to an increased inhibitory influence of PMv over M1, but when the subject
was tested while engaged in a visuomotor task, PMv-M1 stimulation led to an increased facilitatory influence of PMv over M1. Plasticity

evolved rapidly, lasted for at least 1 h, and began to reverse 3 h after intervention.

Introduction
Synchronous and asynchronous activity in interconnected neu-
rons leads, respectively, to strengthening and weakening of their
shared synapses (Hebb, 1949; Markram et al., 1997), and such
changes may underlie behavioral plasticity. Evidence for Hebbian-
like plasticity has been found at various scales of neural organi-
zation, from single synapses in slice preparations to in vivo
expression in mammals (Bliss and Lomo, 1973; Jackson et al.,
2006). The aim of the current investigation was to test whether
paired associative stimulation (PAS) of connected cortical re-
gions might induce similar changes in human subjects.
Typically in PAS experiments, electrical stimulation of the
median nerve is repeatedly paired with M1 transcranial magnetic
stimulation (TMS), inducing changes in M1 corticospinal excit-
ability (Stefan et al., 2000). Dependent on latencies of paired
stimuli, coincident or noncoincident excitation of median
nerve input and corticospinal output induce potentiation- or
depression-like effects, respectively (Wolters et al., 2003). PAS
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effects are usually measured as excitability changes at the second
stimulation site (M1), however, it has been difficult to determine
whether such protocols induce changes in the strength of specific
anatomical pathways as might be expected (Wolters et al., 2005).
To examine whether changes in pathway strength have occurred,
one possibility is to assess the impact of the first pulse on the
effects induced by the second pulse, both before and after re-
peated pairings of stimulation. This simple test, however, has
only been conducted in one study to date and with equivocal
results (Rizzo et al., 2009). Other features of such plasticity, such
as dependence on cognitive state, are unknown.

Neurophysiological interactions between premotor regions,
such as the PMv or presupplementary motor area (pre-SMA),
and M1 can be characterized with paired-pulse TMS (ppTMS)
(Davare et al., 2008; Mars et al., 2009). For example, at rest, an
initial “conditioning” TMS pulse to PMyv, followed by a subse-
quent “test” TMS pulse to M1, inhibits M1 corticospinal output
relative to that elicited by M1 TMS alone (Davare et al., 2008).
This effect depends on cognitive state. When the PMv—M1 path-
way is endogenously activated during grasping, an excitatory
effect is observed (Davare et al., 2009; Buch et al., 2010). Pro-
jections from premotor cortex to M1 are glutamatergic, but while
some synapse directly onto corticospinal neurons, many synapse
onto GABAergic interneurons within M1 (Tokuno and Nambu,
2000). The state-dependent effects of identical PMv TMS pulses
probably reflect changes in input patterns to PMyv that bias its
output toward one of these two projection types (Duque and
Ivry, 2009; Duque et al., 2010). The pathway from PMv and ad-
jacent inferior frontal cortex to M1 is important when unwanted
actions are inhibited (Swann et al., 2009; Buch et al., 2010; Neu-
bert et al., 2010).
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We therefore examined effects of repeated pairings of PMv
and M1 TMS on PMv-M1 physiological connectivity. In addi-
tion, we examined whether changes in PMv—M1 connectivity
were pathway specific by testing whether they were also induced
by repeated pairings of pre-SMA and M1 TMS, whether such
changes depended on cognitive state, whether such changes de-
pended on stimulation order during pairing, and for how long
these effects persisted.

Materials and Methods

Volunteers. Thirty-five healthy, right-handed adults (mean age, 26.09
years; SD, 6.26 years; 18 females) participated. All volunteers underwent
high-resolution, T1-weighted structural MRI scans. Written informed
consent was obtained before participation (National Research Ethics Ser-
vice, Oxford RECC, No. 05-Q1606-96). Some subjects participated in
more than one experimental session for Experiments 1-5, but in these
cases sessions were, on average, 123 = 130 d (mean = SD) apart. The
numbers of naive and nonnaive (participated in more than one experi-
ment) volunteers were similar across experiments. Additional statistical
analyses are presented to demonstrate that effects do not depend on
subjects participating in more than one experiment.

Summary of experimental design. All experiments started with a base-
line block, followed by a plasticity induction period, and a plasticity
expression block (Fig. 1). Baseline and plasticity expression blocks con-
sisted of 50 trials with volunteers either at rest (Experiments 1 and 2) or
performing a reaching and grasping task (Experiments 3, 4, 5, and 6). In
all cases, the effect of PMv stimulation on the effect of M1 stimulation
was determined by comparing motor-evoked potentials (MEPs) re-
corded from right first dorsal interosseus (FDI) muscle, when either
single-pulse TMS (spTMS; 25 trials) was applied to left M1 or ppTMS
was delivered over both left PMv and M1 [25 trials; 8 ms interpulse
interval (IPI)]. Both spTMS and ppTMS trials were administered in
pseudorandom order within the same block of trials. Precise interpulse
timing is critical if both PMv and M1 pulses are to produce coincident
influences on corticospinal activity; both resting-state and task-state in-
teractions emerge at 6—8 ms intervals (Davare et al., 2008, 2009; Buch et
al., 2010; Neubert et al., 2010). The plasticity induction period that in-
tervened between baseline and plasticity expression periods consisted of
15 min of ppTMS applied at 0.1 Hz (90 total stimulus pairings) with the
same 8 ms IPI.

Experiment 1 (11 volunteers; 6 females) tested for changes in PMv—-M1
interactions at rest, following the PMv—M1 plasticity induction period.
Experiment 2 (9 volunteers; 5 females) tested whether PMv—M1 poten-
tiation also occurred after the same plasticity induction protocol was ap-
plied to a different pathway, between the pre-SMA and M1. In Experiment 3
(12 volunteers; 5 females), we exploited the fact that PMv exerts an excitatory
influence over M1 during grasping and assessed whether plasticity induction
would be expressed differently. Indeed, a different effect of plasticity induc-
tion was observed in Experiment 3, so Experiment 4 (10 volunteers; 6 fe-
males) was conducted as an analogous control experiment to Experiment 2
(induction protocol applied to the pre-SMA-M1 pathway) and tested
whether the effects observed during the expression task block in Experiment
3 were also specific to application of the induction protocol to the PMv—M1
pathway. In Experiment 5 (nine volunteers; two females), the order of stim-
ulation during plasticity induction was reversed (each PMv pulse was pre-
ceded by an M1 pulse) to see if this diminished, rather than augmented,
PMv-M1 connection strength during grasping. Experiment 6 (11 volun-
teers; 6 females) investigated how long the increase in excitability lasted after
plasticity induction. The effect duration was measured in additional expres-
sion blocks identical to the first expression block at 30 and 60 min following
the conclusion of the plasticity induction period [as in the study by Rizzo et
al. (2009)]. Furthermore, as the effects appeared to still persist after 60 min,
data from a fourth expression block commencing 3 h after the end of the
plasticity period were acquired in five subjects.

Task blocks. Volunteers sat in a darkened room and made right-hand
reaching and grasping movements (Fig. 2a,b) cued by illumination of
one of two concentrically arranged cylinders (15 and 65 mm diameter)
located 30 cm in front of the starting hand position (Buch et al., 2010).
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Each trial was initiated by pressing a touch bar with the right hand.
Intertrial intervals (ITIs) were therefore variable (mean * SD, 6.90 *
0.79 s) but did not differ significantly across phases of each experiment.
Following a variable delay of 5-7 s (uniformly distributed), one cylinder
was illuminated. Volunteers responded by grasping it with their thumb
and index finger before lifting it from its pedestal. Reaction and move-
ment times were recorded. All trials were accompanied by either spTMS
or ppTMS, with the pulse applied to M1 always occurring 100 ms after
cylinder illumination, which was before movement onset (Fig. 2b).

Rest blocks. For rest blocks, volunteers attended to cylinder illumina-
tion while simply maintaining a static hand posture. To control for the
overall temporal nature of the TMS, ITIs for rest blocks were defined as
the sum of the ITIs used in task blocks plus a reaction and movement
time sample drawn from probability density functions [based on the
study by Buch et al. (2010)] defined for these variables. ITIs were there-
fore variable (mean * SD, 6.23 * 0.07 s) but did not differ significantly
across phases of each experiment.

Plasticity induction period. During plasticity induction, volunteers at-
tended to cylinder illumination, while maintaining a relaxed hand posi-
tion. Again, TMS pulses were applied to M1 100 ms after cylinder
illumination.

TMS and electromyography recordings. TMS was applied using two
Magstim 200 stimulators, each connected to 50 mm figure-eight coils.
The M1 “hot spot” was the scalp location where stimulation evoked the
largest right FDI MEP amplitude. This scalp location was projected onto
high-resolution, T1-weighted MRIs of each volunteer’s brain using fra-
meless stereotactic neuronavigation (Brainsight; Rogue Research). The
mean Montreal Neurological Institute (MNI) location for left M1 “hot
spot” (—38.21, —23.16, 62.33; Fig. 2¢) was similar to that reported pre-
viously (Davare et al., 2009; Buch et al., 2010).

Since the TMS intensity used for PMv produced no measurable MEP,
PMyv coil location was determined anatomically. A marker was placed on
each individual’s MRI and adjusted with respect to individual sulcal
landmarks to a location immediately anterior to the inferior precentral
sulcus. The mean MNIlocation (—53.84, 20.51, 23.33; Fig. 2c) lies within
the region defined previously as human PMv (Mayka et al., 2006), but is
close to area 44, which resembles PMv in cytoarchitecture and connec-
tions (Croxson et al., 2005; Petrides et al., 2005). Plasticity induction in
Experiments 2 and 4 involved pre-SMA TMS, with the coil located 4 cm
anterior to the scalp vertex (Mars et al., 2009; Neubert et al., 2010) at the
mean MNI location (—1.60, 7.17, 68.14; Fig. 2¢).

Resting motor threshold (RMT) of left M1 was determined (mean =
SD, 38.47 = 6.96% stimulator output) as described previously (Rossini et
al., 1994). As in previous ppTMS studies, PMv and pre-SMA TMS was
proportional to RMT (110%) (Mars et al., 2009; Neubert et al., 2010). M1
stimulation intensity during experiments was set to elicit single-pulse
MEPs of ~1 mV (45.5 * 7.56% stimulator output).

TMS coils were positioned tangential to the skull, with the M1 coil
angled at ~45° (handle pointing posteriorly), and the PMv coil at ~0°
relative to the midline (handle pointing anteriorly) (Fig. 2c). The pre-
SMA coil was angled at ~30°, the handle pointing anteriorly toward the
right hemisphere. Coils were fixed in place by adjustable metal arms and
monitored throughout the experiment. It is has been shown that
PMv-M1 ppTMS effects cannot be attributed just to a direct effect of the
PMv coil inducing activity in the M1 coil. We and others have tried
applying two pulses of TMS to the M1 coil itself at the same interpulse
latency while subjects are at rest, performing a similar behavioral task,
and while they are performing other behavioral tasks (Davare et al., 2008,
Buchetal., 2010, Catmur et al., 2011). In all cases, an initial conditioning
pulse that is applied directly to M1 does not exert the same task-
dependent effects over M1 corticospinal excitability as does a PMv pulse.
Similarly pre-SMA-M1 ppTMS effects cannot be attributed to the indi-
rect activation of the M1 coil by the conditioning pulse because they are
not mimicked by direct application of both conditioning and test pulses
via the same TMS coil placed over M1 (Mars et al., 2009).

Right FDI electromyography (EMG) activity was recorded with bipo-
lar surface Ag-AgCl electrode montages. Responses were bandpass fil-
tered between 10 and 1000 Hz, with additional 50 Hz notch filtering,
sampled at 5000 Hz, and recorded using a CED 1902 amplifier, a CED
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________________________ ticity induction is expected to be maximal
Experiment 4: V\Th'el’l thereisa p.rolonged period 9f coi.n—
pre-SMA-M1 Sl B 'c1d1ng presynaptic and postsynaptic activ-
Anatomical ity on the PMv—MI1 synapse, and this is
Control . . .
not the case in baseline and expression
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Effegt +30min +60min of the block PERIOD with the factors of
Duration preplasticity and postplasticity induction
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Session expression blocks (F(; ;) < 2.522; p >
Figure 1. Experimental design and setup for all experiments. The plasticity induction period was preceded (baseline) and 0.143).

followed (plasticity expression) by rest or task blocks. In Experiment 6 (bottom row), multiple plasticity expression task blocks were

used to assess the duration of any plasticity effects.

microl1401 Mk.II A/D converter, and PC running Spike2 (Cambridge
Electronic Design). Analysis focused on peak-to-peak amplitudes of
MEPs. Trials in which test pulses failed to elicit reliable MEPs were dis-
carded (<<5% of trials in all subjects). As no effect of cylinder size has
been observed, MEPs from small and large cylinder trials were combined.

Statistical analysis. The MEP amplitude distribution was positively
skewed, so MEPs were log-transformed and analyzed with repeated-
measures ANOVAs. Greenhouse—Geisser corrections were used to cor-
rect for nonsphericity.

Results

Experiment 1: PMv-M1 plasticity induction and PMv-M1
interactions measured at rest

For both baseline and expression blocks, ppTMS inhibited MEP
amplitudes relative to spTMS trials: ANOVA with within-subject
factors BLOCK (baseline and expression) and PULSE (single or
paired pulse) revealed a main effect of PULSE (F(; ;) = 5.83,p <
0.05; Fig. 3). After plasticity induction, this inhibitory effect
was potentiated (BLOCK by PULSE interaction, F(; ;4 = 5.56,
p < 0.05), while overall corticospinal excitability remained
unchanged (absence of main effect of BLOCK, F(, ;) = 0.65,p =
0.44; Fig. 3). To further clarify that this interaction is driven by
relative changes in ppTMS trial excitability, for each individual,
the mean ppTMS trial MEP amplitude was reexpressed as a ratio
of spTMS amplitude. Direct contrast of ppTMS trial ratios across
baseline and expression blocks confirmed that the inhibitory ef-

Experiment 2: pre-SMA-M1 plasticity

induction and PMv—M1 interactions

measured at rest
The absence of change in M1 corticospinal excitability in Exper-
iment 1 suggested plasticity was specific to a particular pathway
into M1. To further assess anatomical specificity, Experiment 2
tested whether PMv—M1 potentiation also occurred after the
same plasticity induction protocol was applied to a different path-
way, between the pre-SMA and M. Significant pre-SMA-M1
ppTMS interactions are also observed at 8 ms interstimulus intervals
(Mars et al., 2009; Neubert et al., 2010), thus allowing application of
the same repetitive ppTMS protocol. No changes in PMv—M1 inter-
actions followed pre-SMA-M1 plasticity induction (absence of
main effect of BLOCK, F, g, = 0.18, p = 0.92; BLOCK by PULSE
interaction, F(, g) = 1.27, p = 0.29; Fig. 4).

Comparison of Experiments 1 and 2

As a final check, we also compared the results of Experiments 1
and 2 directly in an ANOVA with the between-subject factor
EXPERIMENT and within-subject factors BLOCK and PULSE. A
significant three-way EXPERIMENT by BLOCK by PULSE inter-
action (F(; 5y = 5.93, p < 0.05) confirmed potentiation of
PMv-M1 physiological connectivity occurred selectively in Ex-
periment 1. A main effect of PULSE (F, 4, = 8.38, p = 0.010) in
the absence of a two-way interaction of PULSE by EXPERIMENT
(F1,18) = 0.54, p = 0.47) suggested that PMv exerted an inhibi-
tory influence over subsequent M1 pulses. Such an effect has
been described previously (Davare et al., 2008, 2009). While sta-
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Figure 3.  Experiment 1. The figure shows group mean MEP amplitudes measured with
either spTMS over M1 or ppTMS over PMv and then, with an 8 ms IPI, M1 before (baseline) and
after (expression) plasticity induction in the PMv-to-M1 pathway. Measurements were taken
while the subjects were at rest and refrained from movement. *p << 0.05 (significant effects).
Error bars represent 1 SEM.

@ Exp 1: PMv-M1 Plasticity Induction (Rest-state)
@ Exp 2: pre-SMA-M1 Anatomical Control (Rest-state)
@ Exp 3: PMv-M1 Plasticity Induction (Task-state)
@ Exp 4: pre-SMA-M1 Anatomical Control (Task-state)
© Exp 5: M1-PMv Temporal Control (Task-state)
@ Exp 6: PMv—M1 Effect Duration (Task-state)

a, Stimuliand coil arrangement. b, Event timeline for task trials. ¢, Individual subject TMS locations (filled circles) and 95% group confidence ellipses for TMS locations for all experiments

tistically significant, the effect reported here appears smaller in
magnitude, but it should be noted that the coil sizes and procedures
followed were not identical to those followed by Davare et al. (2008,
2009).

Three subjects participated in both Experiments 1 and 2. Differ-
ences in results between the two experiments cannot be attributed to
participation in more than one experiment for three reasons. First,
the mean interval between participation was 75 * 21 d (mean =
SD), and there is no evidence for TMS-induced metaplastic effects
over such a period. Second, the significant three-way interaction
remained after exclusion of all subjects participating in more than
one experiment (F, ;5 = 7.13, p < 0.05), and equally after inclusion
of all data plus a covariate indicating order of experimental partici-
pation (ANCOVA; F, 17y = 5.60, p = 0.03).

Background EMG activity could potentially confound MEP
measurements if it differed systematically between experimental
sessions at the time TMS pulses were applied. A three-way
ANOVA (EXPERIMENT by BLOCK by PULSE) was conducted
on medians of the root mean square of the background EMG in
100 ms windows ending 10 ms before the first TMS pulse (first
pulse artifact not included). There were no significant main or
interaction effects related to these factors (F(, 5y = 1.90, p =
0.19). The selective potentiation of PMv—M1 pathway strength at
rest after plasticity induction cannot be explained by differences
in background EMG activity. In brief, plasticity induction was
specific to a particular input pathway.
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Figure 4.  Experiment 2. The figure shows group mean MEP amplitudes measured with
either spTMS over M1 or ppTMS over PMv and then, with an 8 ms IPI, M1 before (baseline) and
after (expression) plasticity induction in the pre-SMA-to-M1 pathway. Measurements were
taken while the subjects were at rest and refrained from movement. Error bars represent 1 SEM.

Experiment 3: PMv-M1 plasticity induction and PMv-M1
interactions measured during movement

Up to this point, plasticity expression has been described as po-
tentiation of PMV’s resting-state inhibitory influence over M 1. As
stated earlier, however, it has been documented in more than one
laboratory with replicable results that PMv-M1 interactions
change when observed in the context of behavior (Davare et al.,
2008, 2009; Buch et al., 2010; Neubert et al., 2010). In Experi-
ments 3, 4, 5, and 6, we exploited the fact that PMv exerts an
excitatory influence over M1 100 ms after the illumination of a
target for grasping and assessed whether plasticity induction
would be expressed differently in a task context. If the PMv-M1
plasticity induction protocol induces pathway strengthening,
then two dramatic changes to the expression of that effect should
be observed in the task context. First, plasticity induction should
potentiate the excitatory influence of PMv over M1. Second, this
potentiation effect might also be apparent on spTMS trials, be-
cause MEPs induced by spTMS during grasping also reflect
PMv’s endogenous functional influence over M1 (Grol et al.,
2007).

In Experiment 3, PMv—-M1 plasticity induction significantly
increased corticospinal excitability on both spTMS and ppTMS
trials (main effect of BLOCK, F(; ;,, = 9.02, p < 0.05; Fig. 5a). In
this task context, the PMv—M1 pathway is intrinsically activated
by grasping and has been strengthened by the prior plasticity
induction protocol. Hence, the impact of even spTMS to M1 is
twice what it was before plasticity induction. Under such circum-
stances, it is not surprising that there was a ceiling effect, such that
addition of another TMS pulse to PMv, on ppTMS trials, could
not excite the PMv-M1 pathway in the expression block any
more than it was already excited intrinsically by the act of grasp-
ing and by M1 TMS.

If it is correct that the PMv—M1 plasticity induction protocol
really does induce a change in pathway connectivity between the
two regions, analogous to that seen in Experiment 1 but that is
confounded by a ceiling effect related to task performance, then
two predictions can be made. The first prediction is tested in the
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next experiment (Experiment 4; see below). The second predic-
tion is that it should be possible to identify a subset of the data
where the ceiling effect is minimized. Most subjects exhibit en-
dogenous fluctuation in the sizes of their MEPs during testing
sessions. If one assumes that these time-related fluctuations are
common to both spTMS and ppTMS trials, then it should be
possible to identify portions of the testing session when ceiling
effects are least likely.

We split the spTMS trials in the postplasticity induction phase
into two halves on the basis of their size and selected those trials
where the MEPs were smaller in size and close to 1 mV. We then
identified the ppTMS trials that occurred in closest proximity to
the selected spTMS trials and compared their sizes. A similar
procedure was performed on the preinduction data. The idea was
that comparison between portions of the data where overall ex-
citability (as assessed spTMS trials) was similar would unmask
any BLOCK by PULSE interaction that was present. The end
result for each subject was a subset of 40 trials, with 10 each from
the baseline block spTMS condition, baseline block ppTMS con-
dition, induction block spTMS condition, and induction block
ppTMS condition. The medians of these condition subsets were
determined for each participant and subjected to a group analy-
sis. For Experiment 3, a BLOCK by PULSE repeated-measures
ANOVA revealed the significant main effects for BLOCK (F, ;,, =
5.46,p < 0.05) and PULSE (F, ,,, = 14.36, p < 0.01), as observed
in the complete data set, as well as a significant BLOCK by PULSE
interaction (F(, ;;, = 5.02, p < 0.05; data not shown). This sup-
ports the contention that pathway-specific plasticity induction
effects occurred in Experiment 3 as in Experiment 1, but were
initially obscured by excitability changes related to performance
of the reaching and grasping task.

Since this initial procedure still did not quite equate spTMS
sizes in the preinduction and postinduction blocks, and because a
skeptic might argue that the larger ppTMS effect in the postin-
duction phase was a consequence of the different spTMS MEP
distributions, we performed another similar procedure to equate
spTMS MEP sizes in the preinduction and postinduction periods.
An iterative algorithm was used to alternately remove spTMS
trial samples from each of the preinduction and postinduction
distributions, so that the scalar difference between the MEP am-
plitude medians was minimized. Next, as previously, the tempo-
ral nearest-neighbor ppTMS trials with respect to the selected
spTMS trials were found. The analysis was based on medians of
10 trials from each of the four conditions as in the previous anal-
ysis. First, to test whether the selection algorithm worked as in-
tended, baseline and induction period single-pulse MEPs were
compared using a paired ¢ test. There was no significant differ-
ence between the distributions (t,,), = —1.32, p = 0.21). A
BLOCK by PULSE repeated-measures ANOVA, however, again
revealed the significant main effect for BLOCK (F, ,;, = 5.04,
p <0.05) observed in the complete data set, as well as a significant
BLOCK by PULSE interaction (F, ,;, = 6.71, p < 0.05; Fig. 5b).
A scatter plot of spTMS MEP amplitude versus the temporal
nearest-neighbor MEP amplitude suggests that the data agree
with our assumption, that endogenous fluctuations of MEP am-
plitudes are related to time, and affect both spTMS and ppTMS
trials in a similar manner (Fig. 5¢). The scatter plot also makes
clear the part of the distribution from which the data are drawn
when the subsampling procedure for creating Figure 5b is used.
In summary, the results support the contention that pathway-
specific plasticity induction effects occurred in Experiment 3.
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Experiment 3: PMv-M1 Plasticity Induction (Task-state)
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Experiment 3. The figure shows group mean MEP amplitudes measured with either spTMS over M1 or ppTMS over PMv and then, with an 8 ms IPI, M1 before (baseline) and after

(expression) plasticity induction in the PMv-to-M1 pathway. Measurements were taken while the subject initiated reaching and grasping movements. a, b, Data from all trials () and after matching
of spTMS MEP sizes in the baseline and expression periods (b) are shown. ¢, spTMS trials are plotted against temporal nearest-neighbor ppTMS trials for baseline and expression blocks for all subjects.

*p < 0.05 (significant effects). Error bars represent 1 SEM.

Experiment 4: pre-SMA-M1 plasticity induction and
PMv-M1 interactions measured during movement
If it is true that the facilitated MEPs in Experiment 3 reflected a
pathway-specific change in connectivity in a pathway used to
perform the reaching and grasping task, then the effects should be
anatomically specific and should only occur following plasticity
induction in the PMv—M1 pathway. To further assess anatomical
specificity of the task-related PMv—-M1 plasticity induction ef-
fects observed in Experiment 3, we tested whether an overall
increase in corticospinal excitability would occur following plas-
ticity induction in the pre-SMA-M1 pathway. The same induc-
tion protocol as in Experiment 2 was applied. While data from
Experiment 4 were again consistent with the expected task-
related facilitatory effect of PMv on M1 (main effect of PULSE,
F ¢y = 8.54, p < 0.05), no changes in excitability or PMv—-M1
interactions during performance of the task were observed in the
expression block following pre-SMA-M1 plasticity induction
(absence of main effect of BLOCK, F(, 4y = 0.46, p = 0.51;
BLOCK by PULSE interaction, F, 5y = 1.15, p = 0.31; Fig. 6a).
Additional supplementary analyses of the sort used in Exper-
iment 3 were performed on the data from Experiment 4. The use
of similar analyses in both Experiments 3 and 4 tests whether any
biases in results are introduced via the process of data subset
selection. When the postinduction spTMS trials were selected to
be the lowest MEP trials or selected to be those that matched the
preinduction spTMS trials (there was no significant difference
between spTMS effects before and after induction: ¢4, = 0.10,
p = 0.93), a BLOCK by PULSE repeated-measures ANOVA
revealed similar outcomes to the full data set, as only a main
effect for PULSE (F(, 4y = 5.08, p < 0.05; Fig. 6b) was observed.
Again, changes in MEP excitability appear to be time related
(Fig. 6¢).

Experiment 5: M1-PMyv plasticity induction and PMv-M1
interactions measured during movement
Hebbian plasticity depends on temporally precise activation of
presynaptic and postsynaptic neurons. If potentiation of excita-
tion in Experiment 3 is due to Hebbian-like strengthening of a
specific corticocortical pathway, then changing the timing of
PMv and M1 TMS to an interval that is less likely to lead to the
same sequence of presynaptic and postsynaptic events may lead
to a diminished, or potentially even a reversed, change in the
influence of PMv over M1 during the induction period. In Exper-
iment 5, we chose to reverse the order of stimulation of PMv and
M1, but to keep the same relative latency of stimulation (M1 TMS
followed 8 ms later by PMv TMS). Such a sequence of stimulation
is unlikely to induce the same sequence of presynaptic and post-
synaptic activity as in Experiment 3. In fact, it allows us to con-
duct an additional control test of whether PMv TMS exerted its
effect during the plasticity induction period not via PMv, but
instead via an effect on the nearby M1 coil. If, in Experiment 3,
PMv had been exerting its influence over M1, during the 15 min
plasticity induction period, via a direct effect on the M1 coil, then it
would not have mattered whether PMv or M1 were stimulated first
during each paired pulse delivery in Experiment 5. In this scenario,
the M1 coil would have been activated twice in both Experiment 3
(indirectly via the PMv coil first and then directly) and in Experi-
ment 5 (directly first, and then indirectly via the PMv coil second),
and the same pattern of plasticity induction would have been ex-
pected in both cases. This, however, was not what was observed. In
Experiment 5, reversed-order M1-PMv plasticity induction
caused a significant decrease in corticospinal excitability
(main effect of BLOCK, F(, 4y = 10.54, p < 0.05; Fig. 7a).
Additional supplementary analyses, analogous to those
used in Experiment 3 and 4, were also performed on the data
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Experiment 4: preSMA-M1 Anatomical Control (Task-state)
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Experiment 4. The figure shows group mean MEP amplitudes measured with either spTMS over M1 or ppTMS over PMv and then, with an 8 ms IPI, M1 before (baseline) and after

(expression) plasticity induction in the pre-SMA-to-M1 pathway. Measurements were taken while the subject initiated reaching and grasping movements. a, b, Data from all trials (a) and after
matching of spTMS MEP sizes in the baseline and expression periods (b) are shown. ¢, spTMS trials are plotted against temporal nearest-neighbor ppTMS trials for baseline and expression blocks for

all subjects. Error bars represent 1 SEM.

Experiment 5: M1-PMv Temporal Control (Task-state)
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Experiment 5. The figure shows group mean MEP amplitudes measured with either spTMS over M1 or ppTMS over PMv and then, with an 8 ms IPI, M1 before (baseline) and after

(expression) plasticity induction in the M1-to-PMv pathway [the opposite order of stimulation of PMv and M1 was used in Experiments 3 (Fig. 5) and 5 (here)]. Measurements were taken while the
subject initiated reaching and grasping movements. a, b, Data from all trials (a) and after matching of spTMS MEP sizes in the baseline and expression periods (b) are shown. ¢, spTMS trials are
plotted against temporal nearest-neighbor ppTMS trials for baseline and expression blocks for all subjects. *p << 0.05 (significant effects). Error bars represent 1 SEM.

from Experiment 5. Again, analyses similar to those in Exper-
iments 3, 4, and 5 first test whether any biases in results are
introduced via this subset selection process and, second, make
it possible to remove a potentially confounding floor effect. A
floor effect might obscure differential effects of the plasticity
induction procedure on ppTMS and spTMS trials in the post-

conditioning block. When the postinduction spTMS trials
were selected to be the highest MEP trials or selected to be
those that matched the preinduction spTMS trials (after the
manipulation there was no difference between preinduction
and postinduction spTMS effects: ¢t = 1.60, p = 0.15), a
BLOCK by PULSE repeated-measures ANOVA revealed the
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significant main effect for BLOCK (F(, 5, = 6.75, p < 0.05) as
observed in the complete data set, as well as a significant
BLOCK by PULSE interaction (F, 4y = 8.90, p < 0.05; Fig. 7b).
As in Experiments 3 and 4, the data supported the major as-
sumption of this analysis, as changes in MEP excitability ap-
pear to be time related (Fig. 7¢). The scatter plot also makes
clear the part of the distribution from which the data are
drawn when the subsampling procedure for creating Figure 7b
is used. In summary, the relative change in spTMS and ppTMS
effects after the plasticity induction period again suggests a
pathway-specific change in connectivity.

Comparison of Experiments 3, 4, and 5

Finally, direct comparison of Experiments 3, 4, and 5 with a
three-factor ANOVA confirmed that while the task-related
ppTMS effect was consistent across experiments (significant
main effect for PULSE, F, ,4) = 7.64, p < 0.01), the plasticity
induction protocols had quite different impacts on changes in excit-
ability with respect to BLOCK, as a significant EXPERIMENT by
BLOCK (F, 55y = 12.30, p << 0.001) interaction was observed.

The observed pattern of effects in Experiments 3 and 5 cannot
be explained by the fact that four subjects participated in both
experiments. First, the mean interval between participation was
159 * 172 d (mean = SD), and there is no evidence of TMS-
induced metaplastic effects over such a period. Second, the sig-
nificant EXPERIMENT by BLOCK interaction remained after
exclusion of subjects who participated in more than one ex-
periment (F(, ;5) = 29.01, p < 0.001) and after inclusion of all
subjects plus a covariate indicating order of experimental par-
ticipation (F(; 14y = 39.92, p < 0.001). In summary, repeated
pairing of PMv and M1 TMS led to a strengthening of the
PMv-M1 pathway during grasping, whereas inverting PMv-M1
temporal coupling during plasticity induction depressed PMv—M1
interactions during grasping.

An analysis of background EMG activity in Experiments 3, 4
and 5 found no effect of BLOCK, PULSE, nor interaction of these
factors with each other or EXPERIMENT (F, .5, = 2.01, p =
0.15). Thus, the changes in excitability in the expression blocks
observed during performance of the reaching and grasping task
cannot be explained by differences in background EMG activity.

Further additional tests were performed to test whether the
selection of subsets of data from each of Experiments 3, 4, and 5
for the supplementary analyses investigating ceiling and floor
effects had been performed in similar ways. The average distance
between spTMS and ppTMS trials selected for each pair of samples
was 1.35 = 0.60 trials (mean = SD). A BLOCK by EXPERIMENT
ANOVA revealed no significant main effects (F = 1.00, p = 0.38)
or interaction effect (F = 1.06, p = 0.36) for nearest-neighbor
distances. For the expression block, the data subset did not show
a consistent tendency toward occurring predominately in the first
or second half of the block, as mean location of the median subset
trial was trial 24.92 = 5.8 of the expression block (essentially the
midpoint). This suggests that no consistent trend in changes to
the post induction excitability occurred while the expression
block task was being performed.

Experiment 6: duration of impact of induced plasticity

The duration of PMv—M1 plasticity expression was assessed by
collecting identical expression block data on three occasions im-
mediately (0 min) and 30 and 60 min after plasticity induction.
Subjects performed the grasping task in all baseline and expres-
sion blocks as in Experiment 3. As in the first analysis of the data
from Experiment 3, we found an increase in corticospinal activity
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Figure 8.  Experiment 6. a, Group mean MEP amplitudes measured with either spTMS over
M1 or ppTMS over PMv and then, with an 8 ms IPI, M1 before (baseline block) and in three
subsequent expression blocks collected 0, 30, and 60 min after plasticity induction in the PMv-
to-M1 pathway. Measurements were taken while the subject initiated reaching and grasping
movements. b, Similar data are shown for a subgroup of five participants tested in expression
blocks conducted 0 and 3 h after plasticity induction. *p << 0.05 (significant effects). Error bars
represent 1 SEM.

after plasticity induction; there was a main effect of TIME (four
levels: baseline and three expression blocks at 0, 30, and 60 min)
in a repeated-measures ANOVA with factors TIME and PULSE
(F(3,30) = 3.795; p = 0.028). It can be seen from Figure 8a that the
effect of plasticity induction remained at a fairly constant level
across the 60 min period in which expression block data were
collected. An additional planned comparison revealed that corti-
cospinal activity remained higher even at the time of the 60 min
postinduction expression block compared to the baseline block
(spTMS, t(15) = —2.657, p = 0.024; ppTMS, t(,) = —2.249,p =
0.048).

Because it soon became apparent that the impact of plasticity
induction was protracted, we administered an additional postin-
duction expression block 180 min after plasticity induction in a
subgroup of five subjects to see whether corticospinal excitability
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eventually began to reverse. First, we tested whether it was possi-
ble to detect an increase in corticospinal excitability between the
baseline and the first expression block in this small subsample.
Second, we tested whether there was evidence of a decrease in
plasticity induction in the 180 min expression block compared to
the 0 min expression block. We performed the test in this way
because we reasoned that it was critical for a claim of reversal to be
based on something other than a null effect. We focused on the
180 and 0 min expression blocks, reasoning that some degree of
reversal of the effect of plasticity induction might occur a little
earlier in some subjects than others (for example, at 60 min), and
so the most sensitive test for reversal would entail a comparison
of the 0 and 180 min expression blocks. Because of the clear
directional nature of each hypothesis, and because each test was
predicated on the earlier results reported for this experiment and
for Experiment 6, we used one-tailed ¢ tests when examining the
results from this subsample of subjects. In summary, we found
that PMv—M1 plasticity induction did increase corticospinal ex-
citability during a grasping task in this subgroup of subjects
(comparison of baseline and 0 min expression blocks, spTMS,
tw) = 2.077,p = 0.053; ppTMS, ¢4, = 2.404, p = 0.037), and that
this effect had significantly reversed 180 min later (comparison of
0and 180 min expression blocks, spTMS, ¢4, = 2.749, p = 0.025;
pPTMS, 14, = 2.484, p = 0.034).

Potential confounding effect of participant genders

There were slight differences in the gender ratios for participants
in the various experiments. Because the differences were small, it
is extremely unlikely that they caused differences in the results of
the various experiments. Although there is one report of greater
interhemispheric inhibition in females than in males (De Genn-
aro et al., 2004) there have been no reports of gender effects on
intracortical (within hemisphere) interactions measured with
paired-pulse TMS. Nevertheless we conducted two additional
analyses to check for effects of gender. The results suggested there
were neither gender differences in the effects of ppTMS as op-
posed to spTMS nor gender differences in plasticity induction
effects.

The first analysis tested whether there were gender differences
in the effect of ppTMS as opposed to spTMS. The difference
between ppTMS and spTMS (ppTMS — spTMS) was computed
for baseline block data from both TASK and REST conditions,
and the effect of gender was tested in an independent samples
t test. No significant effects were found either when the grasp-
ing task was being performed (16 female and 14 male partici-
pants were compared; f,4 = 0.099, p = 0.922) or when the
subjects were tested at rest (9 females and 11 males; t,5) =
0.864, p = 0.399).

The second analysis tested whether plasticity induction had a
different impact in females and males. Data from Experiment 3
and 6 (n = 19; 10 females, 9 males) were combined, and the
amplitudes of spTMS MEPs as well as ppTMS MEPs were com-
pared before and after plasticity induction as a function of gen-
der. There was no significant difference in how females and males
responded to plasticity induction, neither for spTMS (£, =
—0.434, p = 0.670) nor ppTMS (¢,7) = — 1.156, p = 0.264).

Discussion

Several TMS protocols induce changes in excitability in M1.
Some approaches entail repetitive stimulation of M1 itself (Chen
etal., 1997), while others involve stimulation of premotor regions
projecting to M1 (Munchau et al., 2002). In addition, it is known
that TMS-induced modulation of activity in one area, such as
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pre-SMA, can have a metaplastic effect on M 1; it changes the ease
with which plasticity is subsequently induced in M1 (Hamada et
al., 2009). It is also known that changes in M1 corticospinal ex-
citability are brought about by paired stimulation of an input into
M1, such as the median nerve, and then of M1 itself (Stefan et al.,
2000; Wolters et al., 2003).

What has been unclear, however, is whether noninvasive
paired TMS protocols can induce plasticity in targeted neural
pathways between two brain areas in the absence of induced
changes in other pathways. The difference is not arcane. It is just
such pathway-specific changes that occur in animal models of
synaptic plasticity (Markram et al., 1997; Jackson et al., 2006).
Second, it is just such pathway-specific changes that are likely to
underlie the self-organization proposed to occur in monosynap-
tically connected networks in response to regularly occurring in-
put (Sussillo and Abbott, 2009). A potential example of such a
network is the one composed of premotor areas centered on the
M1 hand representation (Dum and Strick, 2005). Experiments 1
and 3, in conjunction with control Experiments 2 and 4, demon-
strated just such pathway-specific induction of plasticity between
two cortical regions, PMv and M1. Experiment 6 demonstrated
that the effects last for at least 1 h, but begin to reverse 3 h later.

The 8 ms interval between the PMv and M1 TMS pulses was
chosen for investigation because this interpulse interval has been
used successfully to probe functional connectivity between PMv
and M1 with replicable results in more than one laboratory (Da-
vare et al., 2008, 2009; Buch et al., 2010; Neubert et al., 2010). The
effect of conditioning TMS pulses applied to PMv on M1 is ana-
tomically specific and differs from the effects of TMS condition-
ing pulses applied over other adjacent regions, such as dorsal
premotor cortex and pre-SMA, and even from the effects of ad-
ditional conditioning TMS pulses applied directly to M1 itself
(Mars et al., 2009; Buch et al., 2010; Neubert et al., 2010). Such a
degree of spatial specificity accords with that seen in other types
of TMS experiments (Walsh and Cowey, 2000; Walsh and
Pascual-Leone, 2003).

PMv—M1 interaction effects are seen throughout a range of
IPIs. Although there is evidence that effects at longer IPIs of 12 or
18 ms are mediated by basal ganglia regions including the sub-
thalamic nucleus, relatively short latency IPI effects of 8 ms used
in the present experiment are transmitted via more direct corti-
cocortical routes (Buch et al., 2010; Neubert et al., 2010). This is
consistent with the latency of the fastest route through the basal
ganglia, the hyperdirect route via the subthalamic nucleus and
globus pallidus, exceeding the 8 ms IPI (Nambu et al., 2000;
Strafella et al., 2004).

Stimulation of the pre-SMA-M1 pathway was used as a con-
trol procedure in Experiments 2 and 4. It is an appropriate con-
trol for investigating PMv-M1 effects because interactions
between pre-SMA and M1 occur at similar IPIs (Davare et al.,
2008, 2009; Mars et al., 2009; Buch et al., 2010; Neubert et al.,
2010). Pre-SMA-M1 interaction effects at short IPIs are, like
short IPI PMv—M1 interaction effects, not mediated by the basal
ganglia (Mars etal., 2009; Neubert et al., 2010). In some cognitive
states, conditioning pulses applied over either pre-SMA or PMv
facilitate M1 (Mars et al., 2009; Buch et al., 2010; Neubert et al.,
2010), although there was little reason to expect the pre-
SMA-M1 pathway to play a major role in the grasping task used
in Experiments 3—6 or maintenance of a resting posture in Ex-
periments 1 and 2.

It is well established that the impact of PMv stimulation on
M1 stimulation depends on the cognitive state of the participant
(Davare et al., 2008, 2009, 2010; Buch et al., 2010; Neubert et al.,
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2010). At rest, a PMv conditioning TMS pulse reveals the inhib-
itory influence of PMv on M1 as a decrease in MEP amplitude
relative to an unpaired test pulse applied over M1. When per-
forming a behavioral task, however, a conditioning pulse over
PMv facilitates the effects of M1 stimulation when actions are
being initiated. These effects, first reported by Davare et al.
(2008), were replicated in Experiments 1 and 2 and Experiments
3—6, respectively. Analogous state dependency has been demon-
strated in other ppTMS experiments focusing on other brain
areas (Koch et al., 2006, 2008; O’Shea et al., 2007; Mars et al.,
2009).

The differing impacts of the same PMv stimulation in differ-
ent cognitive states are easily reconciled with the known anatomy
and physiology of premotor connections to M1. Premotor pro-
jections to M1 are glutamatergic (Tokuno and Nambu, 2000).
Although some projections synapse directly on M1 corticospinal
neurons, the majority synapse upon GABAergic interneurons in
more superficial layers of M 1. If the task context results in pat-
terns of input to PMv that biases its output toward projections to
interneurons (for example, when subjects switch from initiating
to refraining from movements) (Davare et al., 2008; Duque et al.,
2010), then the effect of the PMv pulse will change from facilitat-
ing to inhibiting M1 corticospinal neurons.

The antagonistic effects of plasticity induction expressed in
the rest-state (Experiments 1 and 2) versus task-state (Experi-
ments 3—6) experiments can be explained in a simple and uni-
form manner as endogenous, state-related excitability changes in
the excitatory premotor—M1 pathway. In both Experiments 1 and
3, paired stimulation of PMv followed 8 ms later by stimulation of
M1 should potentiate the physiological impact of the excitatory
premotor—M1 pathway. When subjects refrain from movement,
as in Experiment 1, inhibitory interneurons within M1 are more
active; hence, a potentiation of the excitatory premotor—M1 con-
nection synapsing onto M1 inhibitory interneurons will result in
a potentiation of suppression of corticospinal activity. When
reaching and grasping movements are initiated, as in Experiment
3, inhibitory interneurons are less active (Duque and Ivry, 2009;
Duque et al., 2010). A potentiation of the excitatory PMv-M1
pathway would, for this network state, result in a potentiation of
facilitated corticospinal output. In Experiment 5, a reversed or-
der of stimulation led to weakening of the excitatory premotor
pathway. Thus, although the task-state PMv—M1 pathway facili-
tation was still observed, the facilitatory effect was diminished
following plasticity induction. Similar effects on the PMv-M1
pathway were not seen when plasticity was induced in another
pathway involving the pre-SMA, even though the end point of
both pathways was M1 (Experiments 2 and 4). Rapid sequential
activation of two brain areas, A and B, during plasticity induction
can alter the strength of influence A has over B, but the effects are
dependent on the order of stimulation during plasticity induc-
tion. They are not seen if the same plasticity induction protocol is
applied over another pathway leading into area B, for example
from area C, which has little functional relevance in the behav-
ioral conditions examined.

One other experiment looked at similar issues. Rizzo et al.
(2009) applied paired pulses to M1 areas in both hemispheres, so
that the first conditioning pulse inhibited the impact of the sec-
ond on corticospinal activity. Repeated paired stimulation did
not increase this inhibitory effect further. Instead, after repetitive
stimulation, the conditioning pulse impact was diminished. It
might be expected that a plasticity induction protocol should
have the opposite effect. Why effects emerged in this manner is
uncertain. It may reflect induction of homeostatic changes that
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altered the potential for plasticity. Alternatively, the reciprocal
nature of connections between both M1s may make M1-M1 PAS
effects particularly complex; a stimulation order optimized for
increasing the strength of a pathway from left to right M1 is also
likely to be optimal for decreasing strength of the pathway from
right to left M 1. Either way, the current results are consistent with
the suggestion of Rizzo et al. (2009) that a change in pathway
strength can be induced by TMS.

It is becoming clear that plasticity can be induced in relatively
specific ways, for example, by pairing TMS and endogenous brain
activity (Thabit et al., 2010). The present study suggests PAS
might be a useful tool for targeting specific corticocortical path-
ways, not just in healthy individuals, but where recovery of move-
ment depends on establishing new or reestablishing old activity
patterns across motor networks (Grefkes et al., 2010). The path-
ways from PMv and adjacent inferior frontal cortex to M1 and
from the pre-SMA to M1 are known to exert complimentary roles
in the inhibition of unwanted movements (Aron et al., 2007;
Chen et al., 2009; Swann et al., 2009; Neubert et al., 2010), and
there have been attempts to modulate the strength of at least one
of these areas with transcranial direct current stimulation (Hsu et
al., 2011). The present results suggest a way in which directional
activity within specific pathways within this network might be
modulated.
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