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Repetitive transcranial magnetic stimulation (rTMS) is emerging as a potentially
valuable intervention to augment the effects of behavioral therapy for stroke. When
used in conjunction with other therapies, rTMS embraces the concept of metaplas-
ticity. Due to homeostatic mechanisms inherent to metaplasticity, interventions
known to be in isolation to enhance excitability can interact when applied succes-
sively under certain timing conditions and produce enhanced or opposite effects.
Similar to “muscular wisdom,” with its self-protective mechanisms, there also appears
to be “synaptic wisdom” in neural networks with homeostatic processes that prevent
over- and under-excitability. These processes have implications for both enhancing
and suppressing the excitability effects from behavioral therapy. The purpose of this
article is to relate the concept of metaplasticity, as derived from studies in humans
who are healthy, to stroke rehabilitation and consider how it can be leveraged to
maximize stroke outcomes.
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Rehabilitation following stroke
can follow the strategy of sub-
stitution or restitution. For the

upper limb, substitution may involve
activation of the contralesional hemi-
sphere to direct movements with the
nonparetic limb or use of adaptive
maneuvers or devices to substitute
for the impairments in the paretic
limb. Restitution involves effort to
reinstate function in the ipsilesional
hemisphere to maximize recovery
of the paretic limb. Depending on
stroke size and location, a substi-
tution strategy may be the only
option. However, given that greater
improvement in functional recov-
ery is correlated with elevated excit-
ability in the ipsilesional primary
motor area (M1),1 whereas elevated
excitability of contralesional M1 is
associated with poorer prognosis
for recovery of the affected hand,2

a restitution strategy is generally
preferred. Repetitive transcranial
magnetic stimulation (rTMS) is an
emerging intervention in stroke
rehabilitation used to condition the
brain to make subsequent behav-
ioral therapy more effective. As will
be described, however, condition-
ing of neural networks is complex.
Changes in brain plasticity resulting
from the conditioning of neural net-
works may change the brain in unex-
pected ways—some more favorable
and some less favorable for promot-
ing recovery. Such changeable plas-
ticity (ie, the plasticity of synaptic
plasticity) is known as metaplastic-
ity.3 The purpose of this article is to
elucidate some of the principles of
metaplasticity and how these princi-
ples can be used to synergize rTMS
with behavioral therapy to optimize
a return of ipsilesional excitability in
M1 and promote recovery from
stroke.

The Plastic Brain in Stroke
To understand the application of
rTMS in stroke neurorehabilitation, it
is first helpful to understand the
adaptive and maladaptive factors

that influence synaptic plasticity and
recovery following stroke. In addi-
tion to neuronal death, stroke alters
neurotransmitter activity, particu-
larly gamma-aminobutyric acid-A
(GABAA). GABAA is an inhibitory
neurotransmitter known to decrease
neuronal firing probability.4 Dur-
ing the acute phase of stroke recov-
ery, the peri-infarct region demon-
strates diminished excitability attrib-
uted to increased GABAA activity.5

This initial GABAA upregulation early
in stroke may serve as a neuropro-
tective mechanism to minimize exci-
totoxicity and neuronal death. Yet,
in the subacute stage, downregula-
tion of GABAA signaling occurs.6

Related to stroke recovery, down-
regulation of GABAA is integral to
both structural7 and electrophysio-
logical8 reorganization in animals
and reduced intracortical inhibition
in humans.9,10

Interestingly, even with small
strokes induced in animals, reduced
GABAA inhibition is widespread to
include not only the peri-infarct zone
but also the contralesional hemi-
sphere.6 Reduced intracortical inhi-
bition in the contralesional hemi-
sphere enhanced the use of and
reliance on compensatory motor
learning strategies in rodents.11

Indeed, studies in rats have shown
that induced lesions to one sensori-
motor cortex resulted in increased
synaptogenesis and dendritic
arborization in the contralesional
sensorimotor cortex12,13 and were
related to improved motor skill in
the nonparetic forelimb.12,13 Hsu and
Jones14 and Allred et al15 demon-
strated similar results in rodents and
cautioned that such early synaptic
changes in the contralesional hemi-
sphere, combined with motor train-
ing of the nonparetic limb, could
diminish the recovery of the paretic
limb. The corollary in humans is that
such reorganization may facilitate
substitutive motor relearning strate-
gies involving contralesional hemi-

spheric control of both nonparetic
and paretic limbs. A reorganization
scheme involving ipsilateral control
of the paretic limb is detrimental to
a restitution strategy because of
an exaggeration of a phenomenon
known as interhemispheric inhibi-
tion (IHI).

Interhemispheric Inhibition
Ferbert et al16 demonstrated IHI by
applying a conditioning pulse of
transcranial magnetic stimulation
(TMS) to M1 of one hemisphere and
a second TMS pulse, referred to as a
test pulse, to contralateral M1 a short
time later. Compared with uncondi-
tioned test pulse responses, Ferbert
et al16 found reduced corticospinal
excitability in response to the test
pulse when a conditioning pulse pre-
ceded the test pulse. The effect,
mediated through corpus callosum
pathways, is thought to prevent mir-
ror movements with the opposite
hand during volitional unilateral
movements.17 Following stroke,
however, IHI becomes unbalanced,
with contralesional M1 exerting
exaggerated inhibition onto the
ipsilesional M1.18 The imbalance of
IHI may be a manifestation of con-
tralesional M1 reorganization in
response to a reduced GABAA envi-
ronment. Over time, repetitive vol-
untary effort with the nonparetic
hand, in an effort to compensate for
the paretic hand, reinforces the reor-
ganization in the contralesional M1.
Thus, a consequence of persisting
overactivity in the contralesional M1
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• Demonstration Video of a child
with right hemiparesis receiving
6-Hz repetitive transcranial
magnetic stimulation priming
and 1-Hz repetitive transcranial
magnetic stimulation
conditioning.
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from reduced GABAA inhibition is an
abnormally strong IHI exerted on the
ipsilesional M1.19–21 In this regard,
the ipsilesional M1 becomes “doubly
disabled”20 by the stroke itself and by
the exaggerated IHI imparted from
contralesional M1. Figures 1 and 2
illustrate balanced IHI in a healthy
brain and unbalanced IHI in a brain
following stroke, respectively.

Interhemispheric inhibition repre-
sents an important example of
diaschisis following stroke. Diaschi-
sis involves a decline in excitability
and function in brain areas that are
spatially distinct but functionally
related to the stroke site.22 Neurons
killed from the stroke cannot be sal-
vaged by rehabilitation. However,
neurons in diaschisis are salvageable,
as evidence shows in some people
with stroke that forced use of the

paretic hand combined with forced
nonuse of the nonparetic hand (ie,
constraint-induced movement ther-
apy) can adjust the unbalanced IHI
and improve ipsilesional M1 excit-
ability and functional recovery.23,24

Behavioral training alone, however,
may not be sufficiently potent to trig-
ger optimal brain reorganization.
Growing evidence suggests that neu-
romodulation of the brain using
rTMS can serve as an adjunctive
modality in certain people with
stroke to make accompanying behav-
ioral therapy more effective.25–27

rTMS and Synaptic
Plasticity
Transcranial magnetic stimulation
operates through Faraday’s law of
electromagnetic induction. In short,
a rapidly changing electric current in
the stimulating coil positioned over

the intact scalp generates a rapidly
changing magnetic field that tra-
verses the skull and induces electric
currents in underlying neural tis-
sue.28 When stimulation is strategi-
cally delivered over M1 at a sufficient
intensity, a contralateral involuntary
muscle contraction, referred to as a
motor-evoked potential (MEP),
occurs. Collecting MEPs using elec-
tromyography and quantifying their
peak-to-peak amplitude or other
parameters provides a measurement
of corticospinal excitability. Repeti-
tive transcranial magnetic stimula-
tion involves a continuous train or
multiple intermittent trains of pulses
that induce synaptic plasticity in the
form of corticospinal excitability
changes that persist even after stim-
ulation has ceased (ie, aftereffects).
High-frequency (�3 Hz) rTMS, oper-
ating through long-term potentiation

Figure 1.
Interhemispheric intervention (IHI): participant who is healthy. (A) Setup for measuring IHI with two 50-mm figure-8 coils over left
and right primary motor areas (M1) of participant who is healthy and electromyography electrodes on bilateral first dorsal
interosseous (FDI) muscles. (B) Mean (SD) values showing relatively balanced IHI in both directions, derived from multiple trials of
left M1 inhibiting right M1 (left to right) (C–D) and right M1 inhibiting left M1 (right to left) (E–F). (C) Motor-evoked potential (MEP)
in left FDI (upper trace) in response to unconditioned suprathreshold test stimulus to right M1. (D) MEP in right FDI (lower trace)
in response to suprathreshold conditioning stimulus to left M1, followed by a MEP in left FDI in response to test stimulus to right M1
(interstimulus interval�10 ms). Interhemispheric intervention in the direction of left M1 inhibiting right M1 is demonstrated by
reduction in conditioned test MEP (lower red circle) compared with unconditioned test MEP (upper red circle). (E–F) Interhemispheric
intervention in the direction of right M1 to left M1 (compare yellow circles).
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(LTP)–like mechanisms, produces
aftereffects that transiently raise
excitability,29 whereas low-
frequency (�1 Hz) rTMS, operating
through long-term depression
(LTD)–like mechanisms, produces
aftereffects that transiently depress
excitability.30

With rTMS treatment in stroke, the
objective is to upregulate the excit-
ability of surviving neurons in the
ipsilesional hemisphere in order to
make them more amenable to volun-
tary recruitment during subsequent
behavioral therapy. To achieve this
upregulation in ipsilesional M1,
rTMS can be applied in 2 ways: (1)
high-frequency rTMS over the ipsile-
sional M1 or (2) low-frequency rTMS
over the contralesional M1. The lat-
ter approach involves “disinhibition”

of the ipsilesional M1 by suppressing
exaggerated IHI arising from the con-
tralesional M1.31–34

Both of these rTMS approaches have
been explored in stroke. As an exam-
ple, Khedr et al20 directly compared
5 sessions of low- and high-
frequency rTMS with sham rTMS and
with each other in patients with
stroke. One group received 1-Hz
rTMS applied to the contralesional
M1, another group received 3-Hz
rTMS applied to the ipsilesional M1,
and a third group received sham
rTMS. All groups continued their cus-
tomary therapy after the rTMS.
Khedr et al20 found that both contra-
lesional 1-Hz rTMS and ipsilesional
3-Hz rTMS were significantly more
effective than sham rTMS in improv-
ing pegboard and keyboard tapping

tasks. Furthermore, 1-Hz rTMS was
significantly more effective than
3-Hz rTMS. For a thorough review of
rTMS in stroke, including stimulation
parameters, we recommend the
meta-analysis by Hsu et al.35

Although 2 studies36,37 in Hsu and
colleagues’ analysis,35 along with 2
more recent studies,38,39 demon-
strated no effect from rTMS, a large
preponderance of studies did show
an effect. Hsu et al35 concluded
that rTMS has a positive influence
on motor recovery in stroke and
that the low-frequency approach in
the contralesional M1 was more
effective than the high-frequency
approach in the ipsilesional M1.

As a prelude to discussing metaplas-
ticity, synaptic plasticity must be
characterized. Synaptic plasticity is a

Figure 2.
Interhemispheric intervention (IHI): participant with stroke. (A) Magnetic resonance images of brain of participant with stroke (red
arrows). (B) Mean (SD) values showing exaggerated IHI in direction of contralesional primary motor area (M1) inhibiting ipsilesional
primary motor areas (M1) (contralesional to ipsilesional), derived from multiple trials of C–D, compared with direction of ipsilesional
M1 inhibiting contralesional M1 (ipsilesional to contralesional), derived from multiple trials of E–F. (C) Motor-evoked potential (MEP)
in paretic first dorsal interosseous muscle (FDI) (upper trace) in response to unconditioned suprathreshold test stimulus applied to
the ipsilesional M1. (D) Motor-evoked potential in nonparetic FDI (lower trace) in response to suprathreshold conditioning stimulus
applied to the contralesional M1, followed by an MEP in paretic FDI in response to test stimulus applied to the ipsilesional M1
(interstimulus interval�10 ms). Interhemispheric intervention in the direction of the contralesional M1 inhibiting the ipsilesional M1
is demonstrated by reduction in conditioned test MEP (lower red circle) compared with unconditioned test MEP (upper red circle).
(E–F) Interhemispheric intervention in the direction of ipsilesional to contralesional M1 (compare yellow circles).
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use-dependent increase (LTP) or
decrease (LTD) in synaptic
strength.40,41 The effects of rTMS on
recovery have generally been attrib-
uted to synaptic plasticity, evi-
denced through changes in cortico-
spinal excitability.20,21,25,31,34,42,43 As
aforementioned by Khedr et al,20

application of 3-Hz rTMS to the
ipsilesional M1 increased ipsilesional
excitability, whereas application of
1-Hz rTMS to the contralesional M1
decreased contralesional excitabil-
ity, with a further effect of increased
excitability at the ipsilesional M1
through IHI. Khedr and colleagues’
findings were consistent with the
conventional biologic rules of use-
dependent synaptic plasticity
because high-frequency condition-
ing invoked an LTP-like increase in
excitability, whereas low-frequency
conditioning invoked an LTD-like
decrease in excitability. Accordingly,
LTP and LTD play a vital role in neu-
rorehabilitation, as it is speculated
that these processes are involved in
neural upregulation with forced
use44 or downregulation with
nonuse.45

The activity-dependent nature of
synaptic plasticity holds major impli-
cations for stroke rehabilitation. As a
classic demonstration in the motor
system, Classen et al46 applied TMS
to a focal area of M1 in humans who
were healthy to evoke reproducible
thumb movements isolated to a cer-
tain direction at baseline. They then
had participants practice thumb
movements repeatedly in a different
direction (forced use). Impressively,
follow-up TMS applied to the same
focal area produced thumb move-
ments, not in the baseline direction
but in the practiced direction tran-
siently. Conversely, Wiesel and
Hubel45 showed in kittens that tem-
porary deprivation of visual stimu-
lation to one eye resulted in a loss
of visual cortex excitability serving
that eye. Wiesel and Hubel con-
cluded that monocular deprivation

(nonuse) produces physiological
defects in a system that was once
capable of functioning. Constraint-
induced movement therapy, with its
emphasis on both using the paretic
limb and not using the nonparetic
limb to promote excitability and
behavioral changes,23 is an applica-
tion of these synaptic plasticity prin-
ciples in neurorehabilitation. As the
next section points out, by capitaliz-
ing on principles governing a higher
order of synaptic plasticity known as
metaplasticity, it may be possible to
produce greater excitability changes
in the desired direction.

Homeostatic Synaptic
Plasticity and
Metaplasticity
Although synaptic plasticity involves
activity-dependent enhancement or
reduction in synaptic strength, the
possibility exists for the develop-
ment of an unbridled positive-
feedback loop,40,41 whereby use
begets excessive use or nonuse
begets no use. Thus, when uncon-
strained, LTP and LTD can be mal-
adaptive. To counter this positive-
feedback loop and maintain a
functional, homeostatic range of syn-
aptic plasticity, a negative-feedback
loop is necessary.41 Homeostatic
synaptic plasticity is a form of syn-
aptic plasticity that encompasses a
wide array of mechanisms aimed
at stabilizing neuronal firing rates
and neuronal network activity.47

Turrigiano eloquently defined
homeostatic synaptic plasticity as
“a homeostatic form of plasticity
acting to stabilize the activity of a
neuron or neuronal circuit in the
face of perturbations.”47(p422) In this
regard, homeostatic synaptic plas-
ticity functions as a negative feed-
back loop to promote a “set-point”
of synaptic activity within a func-
tional range.40,41 Metaplasticity is
one of several homeostatic mecha-
nisms that involves modifying the
plasticity-inducing capability of syn-

apses to ensure that one type of syn-
aptic plasticity (ie, LTP or LTD) does
not predominate the system.3,40 The
reader is referred to Abraham,40 Mur-
phy and Corbett,41 and Huang et al.48

for greater detail on the cellular and
molecular components underlying
metaplasticity.

The Bienenstock-Cooper-Munro (BCM)
theory of bidirectional synaptic plas-
ticity highlights the changeability of
synaptic plasticity inherent to meta-
plasticity.49 A basic tenet of this the-
ory is that a synapse’s recent history
of activity influences its current level
of reactivity. In a computational
model of experience-dependent syn-
aptic plasticity in the mammalian
visual cortex, Bienenstock et al49

introduced a dynamic, sliding thresh-
old for regulating the generation of
future synaptic plasticity. Recent
postsynaptic firing would activate
cellular and molecular processes that
elevate the threshold for future LTP
induction while lowering the thresh-
old for future LTD induction. Dimin-
ished postsynaptic firing would stage
the opposite.

In a series of experiments, Huang et
al48 demonstrated that the induction
of LTP in the rat hippocampus
depended on prior synaptic activity.
When a weak bout of repeated stim-
ulation (30 Hz, 0.1–0.2 seconds,
capable of inducing short-term
potentiation when given alone) pre-
ceded a stronger bout of stimulation
(100 Hz, 0.5 seconds, capable of
inducing LTP when given alone),
subsequent LTP did not ensue.
Huang and colleagues’ work outlines
the standard protocol for metaplas-
ticity research that consists of 2 suc-
cessive events: priming and condi-
tioning. Priming results in the
modification of various synaptic
properties that persist long enough
to alter the effects of the subsequent
plasticity-inducing event.40 We oper-
ationally define priming as a session
of neural conditioning that modifies
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the aftereffects of a subsequent
conditioning session. Priming and
conditioning can take the form of
behavioral, environmental, pharma-
cological, or electrophysiological
input; this article focuses on the last
using rTMS.

High-Frequency Priming of
Low-Frequency rTMS as
Therapy
Principles of homeostatic synaptic
plasticity and metaplasticity may aug-
ment the therapeutic effects of con-

sequent rTMS conditioning. Iyer et
al50 explored corticospinal excitabil-
ity changes in adults who were
healthy following high-frequency
rTMS priming of low-frequency
rTMS conditioning to the same M1.
In different sessions, Iyer et al50 com-
pared intermittent 6-Hz rTMS prim-
ing (10 minutes) of continuous 1-Hz
rTMS conditioning (10 minutes)
with sham rTMS priming (10 min-
utes) of continuous 1-Hz rTMS con-
ditioning (10 minutes). Consistent
with the BCM theory that recent
high-frequency activity lowers the
threshold for future LTD-like mecha-
nisms, Iyer et al50 discovered that
6-Hz priming of 1-Hz rTMS condition-
ing resulted in significantly greater
corticospinal depression, as demon-
strated by reduced MEP amplitude in
the stimulated M1 for a longer dura-
tion compared with sham priming of
1-Hz rTMS (Fig. 3).

The work by Iyer et al50 invites
exploration of using primed low-
frequency rTMS to the contralesional
M1 in patients with stroke with the
premise that greater depression of
excitability in the contralesional M1
will more effectively diminish the
IHI acting on the ipsilesional M1,
thereby increasing excitability in
the latter. A video demonstrating
6-Hz rTMS priming (part 1 of the
video), followed by 1-Hz rTMS con-
ditioning (part 2 of the video) to the
contralesional M1 in a child with
stroke is available online at ptjour-
nal.apta.org. An initial safety study in
adults with stroke using 6-Hz rTMS
priming of 1-Hz rTMS conditioning
to the contralesional M1 resulted in
no seizure or other major adverse
events and no impairment of the
nonparetic hand.51 A case study
report of 2 adults with stroke also
utilizing 6-Hz rTMS priming of 1-Hz
rTMS conditioning to the contral-
esional M1 followed by behavioral
training showed safety but mixed
behavioral results.52 Additionally,
Kakuda and colleagues26 demon-

Figure 3.
Metaplastic effects as predicted by Bienenstock-Cooper-Munro theory. (Top) Motor-
evoked potentials (MEPs) from one participant’s abductor pollicis brevis muscle col-
lected for 10 minutes before (Pre) and up to 60 min (six 10-min bins) following delivery
of sham 6-Hz priming stimulation � 1-Hz low-frequency repetitive transcranial mag-
netic stimulation (rTMS). (Bottom) Similar MEP collection taken from the same partic-
ipant before and after active 6-Hz priming � 1-Hz low-frequency rTMS. Preceding
low-frequency stimulation with active high-frequency priming resulted in an enhance-
ment of corticospinal depression, as depicted by reduced MEP amplitude for a longer
duration versus sham priming. Figure used with permission.50
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strated the safety of 6-Hz priming of
low-frequency rTMS in adults with
poststroke aphasia27 and hemipare-
sis. With the safety of 6-Hz primed
low-frequency rTMS verified in
stroke, further work addressing the
efficacy of primed versus unprimed
rTMS is necessary.

The presence or absence of homeo-
static plasticity mechanisms in the
brain of people with stroke may
delineate the efficacy of priming in
stroke. In participants who were
healthy, Ragert et al53 applied
depressive priming to the right M1
(thereby disinhibiting the left M1)
followed by facilitatory conditioning
to the left M1. Consistent with BCM
theory and homeostatic plasticity,
they found that the successive facili-
tatory influences combined to yield
a decrease in excitability of the
left M1.53 In contrast, in people
with stroke, Sung et al54 applied
inhibitory priming stimulation to
the contralesional M1 and facilita-
tory conditioning stimulation to
the ipsilesional M1. They observed
an increase in excitability in the
ipsilesional M1 and a decrease in
excitability in the contralesional
M1. These electrophysiological dis-
crepancies between healthy53 and
stroke54 populations justify the
need for further experimentation, as
homeostatic plasticity mechanisms
(or lack thereof) may vary among
populations. Additionally, the deliv-
ery method of priming and condi-
tioning (ie, 2 hemispheres53,54 versus
1 hemisphere26,27,50–52) also may
influence the efficacy of priming in
stroke.

Importance of Timing
The following discussion introduces
other forms of noninvasive neuro-
modulation used in a dual sequence
of priming followed by condition-
ing to explore for more effective
changes in brain excitability or
behavior. Not surprisingly, each
form of neuromodulation shows

concordance with the history-
dependent reactivity rule of the BCM
theory. Changes in corticospinal
excitability, expressed as a change in
MEP amplitude, following priming
and conditioning are summarized in
Figure 4 along with the characteriza-
tion of the aftereffects as synaptic
plasticity or metaplasticity.

Fricke et al55 evaluated excitability
aftereffects in the M1 in individuals
who were healthy in response to

transcranial direct current stimula-
tion (tDCS). This type of stimulation
utilizes principles of conduction
rather than induction to deliver con-
tinuous low-intensity direct current
to the brain through strategically
placed electrodes.56 Anodal tDCS
applied over the M1 typically
increases the excitability of that M1,
whereas cathodal tDCS typically
depresses it.56

Figure 4.
Depiction of synaptic plasticity versus metaplasticity. Arrows represent conditioning.
When 2 arrows are shown, the first is termed “priming.” Baseline excitability repre-
sented by amplitude of motor-evoked potential (MEP) to left of arrows. Aftereffects of
conditioning represented by MEPs to right of arrows. Dotted lines reflect that afteref-
fects are not immediate. Illustration A shows normal aftereffects of increased excitabil-
ity, compared with baseline, following facilitatory (�) conditioning, amounting to
synaptic plasticity. Illustration B, however, shows aftereffects of decreased excitability
even though both priming and conditioning were facilitatory. This alteration from
normal response represents metaplasticity. Illustration C shows normal aftereffects of
decreased excitability following depressive (�) conditioning. In contrast, illustration D
shows opposite aftereffects when depressive priming precedes depressive conditioning.
Illustration E shows normal aftereffects of decreased excitability following sham priming
of depressive conditioning (identical to illustration C). Importantly, illustration F shows
accentuation of aftereffects (ie, greater depression and longer duration compared with
illustration E) following same depressive conditioning but preceded by opposite prim-
ing. Similarly, illustration G shows accentuated excitability aftereffects (compared with
illustration A) following facilitatory conditioning but preceded by opposite priming.
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Fricke et al55 first demonstrated that
a single 5-minute control session of
anodal tDCS increased excitability
(Fig. 4A) and a 5-minute session of
cathodal tDCS decreased excitability
(Fig. 4C) for about the same duration
as the stimulation time. They then
compared aftereffects of a single
5-minute anodal/cathodal tDCS ses-
sion with two 5-minute sessions of
tDCS with breaks of 0, 3, or 30 min-
utes between sessions of either
anodal priming followed by anodal
conditioning (�/�) or cathodal
priming followed by cathodal condi-
tioning (�/�) (/ separates priming
[first] and conditioning [second]; �
represents facilitatory, � represents
depressive). They found that 2 suc-
cessive sessions with a 0-minute
break (ie, 1 continuous stimulation
session of 10 minutes) prolonged the
aftereffects to be about as long as the
total stimulation time but did not
intensify them (not shown in Fig. 4).
Successive sessions with a 30-minute
break produced no difference com-
pared with the corresponding single-
session control (not shown in Fig. 4).
Importantly, successive sessions
with a 3-minute break resulted in
aftereffects that were in the opposite
direction of their corresponding
single-session controls (ie, �/�
decreased excitability [Fig. 4B] and
�/� increased it [Fig. 4D]). They
deduced that, for metaplasticity to
occur, there must be a break in the
synaptic stimulation and that the sec-
ond stimulation event (ie, condition-
ing) must commence within the time
frame of the aftereffects of the first
stimulation event (ie, priming). Clin-
ically, they emphasized that this bidi-
rectional nature of synaptic plasticity
must be taken into account during
modulation of the brain with succes-
sive forms of neurorehabilitation.

Lang et al57 performed similar work
consisting of tDCS priming of 5-Hz
rTMS conditioning to the M1 in
humans who were healthy. They dis-
covered that the direction of the

aftereffects induced by the 5-Hz
rTMS depended on the polarity of
tDCS priming. Compared with the
aftereffects of 5-Hz rTMS delivered
alone, anodal tDCS priming of 5-Hz
rTMS (�/�) significantly depressed
corticospinal excitability (Fig. 4B),
and cathodal tDCS priming of 5-Hz
rTMS (�/�) significantly enhanced
corticospinal excitability (Fig. 4G).

Murakami et al58 demonstrated
homeostatic effects using theta-burst
stimulation (TBS), a patterned-
protocol of rTMS delivery consisting
of 3 pulses of rTMS applied at 50 Hz
repeated every 200 milliseconds.
When delivered intermittently
(iTBS), TBS typically exerts a facili-
tatory effect on corticospinal excit-
ability (Fig. 4A).59 In contrast, con-
tinuous TBS (cTBS) typically
decreases corticospinal excitability
(Fig. 4C).59,60 Murakami et al58 used
different combinations of iTBS and
cTBS to prime and condition the M1
in humans who were healthy. They
found that priming and conditioning
with identical types of TBS (ie, �/�
or �/�) reduced but did not reverse
the aftereffects relative to their
unprimed controls (not shown in
Fig. 4). However, priming and con-
ditioning with opposing types of TBS
(ie, �/� or �/�) magnified the con-
ditioning aftereffects relative to their
unprimed controls (Figs. 4F and 4G).

Quadripulse stimulation is another
rTMS patterned-protocol consisting
of 4 monophasic rTMS pulses per
train, with each train delivered at 0.2
Hz.61 Similar to the other types of
neuromodulation previously dis-
cussed, QPS also demonstrates
depressive and facilitatory effects
depending on its stimulation param-
eters. Quadripulse stimulation proto-
cols with long interstimulus intervals
(ISIs) between the pulses (�30 mil-
liseconds) of each train tend to
depress corticospinal excitability,
whereas shorter ISIs tend to increase
corticospinal excitability.62 Hamada

et al62 evaluated the effect of facili-
tatory QPS priming on subsequent
facilitatory QPS conditioning (ie,
�/�) in people who were healthy
and found depressive, not facili-
tatory, aftereffects consistent with
the BCM theory (Fig. 4B).

Jung and Ziemann63 studied the
aftereffects following priming of
behavioral conditioning. Specifically,
in adults who were healthy, they
evaluated the use of paired associa-
tive stimulation (PAS) followed by
behavioral training, which involved
rapid thumb movements, on motor
learning. The PAS involved electrical
stimulation of the median nerve to
evoke pulses of proprioceptive feed-
back and sensory afferent informa-
tion to the brain that were paired
with precisely timed TMS pulses in
the contralateral M1 so that the con-
verging cortical inputs from these 2
sources caused either facilitatory
(PAS-LTP) or depressive (PAS-LTD)
aftereffects depending on the timing
of pulses. Jung and Ziemann63 also
included a PAS control condition.
They evaluated 2 delay periods of
either 0 (no delay) or 90 minutes
between the PAS priming and the
behavioral training, which, by itself,
was known to be facilitatory. They
found that with a 0-minute delay,
PAS-LTD plus training (�/�)
strongly facilitated motor learning, as
evidenced by increased thumb accel-
eration relative to PAS control plus
training. Their findings further sug-
gest a metaplasticity mechanism
because the depressive PAS priming
interacted with the facilitatory behav-
ioral conditioning to strengthen the
effect of the latter. The PAS-LTP plus
training (�/�) resulted in a brief non-
significant trend toward improved
motor learning. With the 90-minute
delay between priming and training,
homeostatic plasticity again prevailed
for PAS-LTD plus training, as evi-
denced by significantly greater learn-
ing, but now it also prevailed for PAS-
LTP plus training, as evidenced not by
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greater learning but by significantly
depressed learning relative to the
control.

Clinical Significance
The impediment to motor learning
described above when facilitatory
priming preceded training, as well as
the enhancement of motor learning
when depressive priming preceded
training, is paradoxical but concor-
dant with the BCM theory. A recent
history (priming) of synaptic facilita-
tion appears to deploy homeostatic
processes that bias synapses toward
reduced activity during subsequent
conditioning, thus intercepting syn-
aptic plasticity from achieving over-
excitation. Accordingly, the facili-
tatory priming followed by
facilitatory training actually dimin-
ished the aftereffects of the latter,
which diminished learning while
preserving the synapse (metaplastic-
ity). Conversely, a recent history of
synaptic depression appears to
deploy homeostatic processes that
produce the opposite effects, as
facilitatory training superimposed on
synapses already staged with prior
depressive priming yielded an
enhancement in motor learning.
Although it is still premature to make
sweeping changes to neurorehabili-
tation based on the BCM theory,
therapists need to be cognizant of
the theory as well as vigilant to
patient responses (favorable and
unfavorable) that may stem from
these principles.

Compared with other areas of study
in the neurosciences, metaplasticity
is still in its infancy, at least in the
clinical realm. We know that the
brain is a dynamic organ that fre-
quently rewires and recalibrates its
complex array of neuronal networks
to accommodate learning and the
formation and storage of new mem-
ories. The studies discussed above
support the notion that priming
influences subsequent induction of
plasticity in humans who are

healthy. In stroke, with the reduc-
tion in GABAA inhibition,6 it is not
known how this backdrop might
influence the interaction of priming
with conditioning. New research is
paramount. Additionally, genetic
polymorphisms affecting neural
repair, specifically brain-derived neu-
rotrophic factor (BDNF) val66met
and apolipoprotein E (ApoE) �4 poly-
morphisms, also may influence plas-
ticity,64 stroke recovery,65 and
response to rTMS.64

Although this article focused on sev-
eral types of noninvasive brain stim-
ulation methods to prime the brain
in the study of metaplasticity, other
forms of priming likely exist in visual
imagery, cognitive training, sensory
training, and physical movement.66

Interestingly, Avenanti et al25 dem-
onstrated significant changes in cor-
ticospinal excitability and behavioral
improvements in participants with
stroke using physical therapy as a
mode of priming for subsequent
1-Hz rTMS to the contralesional M1.
However, they found the reverse
order (ie, 1-Hz rTMS priming of sub-
sequent physical therapy) to be
optimal.25

The spectrum of therapeutic targets
in neuromodulation is broad, extend-
ing beyond M1. Several studies have
shown neuroplastic change in M1 by
priming areas functionally con-
nected to M1: somatosensory,67 sup-
plementary,68 and premotor69 corti-
ces along with the cerebellum.70

Therefore, addressing movement-
related components such as motor
planning, coordination, propriocep-
tion, and sensation prior to actual
movement execution ultimately may
enhance the latter.

Metaplasticity depends on a multi-
tude of stimulation parameters: inter-
stimulus interval, pattern or number
of pulses per train, duration of stim-
ulation, and frequency and intensity
of stimulation. In this article, we

focused on the factor of timing
between priming and the subse-
quent conditioning. Beyond brain
stimulation, however, a delicate bal-
ance also may exist between suc-
cessive physical activity sessions
and rest in patient recovery. Goedert
and Miller71 found that distributed,
not massed, practice72 led to signifi-
cant improvement in visuomotor
skill performance in individuals who
were healthy. Participants undergo-
ing massed practice performed sig-
nificantly worse during subsequent
testing. Metaplasticity could be a rel-
evant factor in this example. Too
much practice (ie, behavioral facili-
tatory conditioning) spaced closely
together might invoke metaplasticity
mechanisms to stabilize the excit-
ability effects and hinder learning.
Relatedly, a review on task-oriented
training in people with stroke
showed that distributed practice was
1 of 2 components (the other being
feedback) associated with the great-
est postintervention effect size.73

The authors explained the benefit of
distributed practice over massed
practice as the avoidance of fatigue
with improved cognitive effort and
memory consolidation. Yet, the
homeostatic consequences of exces-
sive excitation in a compressed
period of time on synaptic activity,
which distinguishes metaplasticity
from more conventional forms of
synaptic plasticity, also must be con-
sidered. This concept deserves atten-
tion as protocols for constraint-
induced movement therapy, with
its emphasis on massed practice,74

become refined.

In recent years, clinicians have
embraced principles of neuroplastic-
ity, emphasizing that repetitive acti-
vation can facilitate future activa-
tion44 and sustained inactivation can
impede future activation45 (eg, “use
it or lose it”). Similarly, we believe
that with more research, principles
of metaplasticity will eventually
enter into clinical practice, empha-
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sizing that the interaction of 2 suc-
cessive facilitatory events over a cer-
tain time period can actually be
depressive or facilitation followed by
depression can actually accentuate
the latter. Such metaplasticity princi-
ples, centered on the concept of pre-
serving neural homeostasis, have
important implications in the
advancement of neurorehabilitation.
Although numerous studies have
demonstrated behavioral gains fol-
lowing the use of rTMS in
stroke,21,31–33,43 the permanency of
these gains, especially in response to
rTMS given in isolation, is not yet
clear. Recognizing the clinical utility
of rTMS in producing long-standing
functional improvements requires
continued exploration, including
investigation of the possible advan-
tages of the priming-conditioning
relationship.

Summary
Similar to “muscular wisdom,” in
which intrinsic physiologic changes
are instinctively deployed within
muscle to avert undue fatigue,75 syn-
aptic wisdom also appears to exist
through deployment of metaplastic
processes that alter synaptic plas-
ticity to preserve synaptic function
in the face of excessive excitation
and depression.47 It seems possible
that therapists could capitalize on
such synaptic wisdom to achieve
higher recovery of function. The
robustness of homeostatic responses
observed with priming and condi-
tioning interactions across the varied
forms of noninvasive brain stimula-
tion strengthens the validity of meta-
plasticity in people who are healthy.
Whether these characteristics apply
equally, or perhaps even more so,
in the injured nervous system is not
yet known. Only with methodical
experimentation and vigilant clinical
observation will the priming and
conditioning interactions of succes-
sive therapies be uncovered, possi-
bly leading to improved stroke
outcomes.
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