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Abstract

Promising results in adult neurologic and psychiatric disorders are driving active research into
transcranial brain stimulation techniques, particularly transcranial magnetic stimulation (TMS)
and transcranial direct current stimulation (tDCS), in childhood and adolescent syndromes. TMS
has realistic utility as an experimental tool tested in a range of pediatric neuropathologies such as
perinatal stroke, depression, Tourette syndrome, and autism spectrum disorder (ASD). tDCS has
also been tested as a treatment for a number of pediatric neurologic conditions, including ASD,
attention-deficit/hyperactivity disorder, epilepsy, and cerebral palsy. Here, we complement recent
reviews with an update of published TMS and tDCS results in children, and discuss developmental
neuroscience considerations that should inform pediatric transcranial stimulation.
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Introduction

Transcranial brain stimulation, at present primarily with several forms of noninvasive
electrical cortical stimulation, is under active investigation in child neurology and psychiatry,
particularly in disorders where focal cortical over- or under-activation is presumed to be part
of the pathophysiology [1, 2, 3¢, 4¢] While a number of transcranial neurostimulation
techniques have been developed, two are undergoing the most active investigation:
transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS).
In TMS, intracranial electrical currents are induced in the cortex by a fluctuating extracranial
magnetic field, whereas in tDCS constant electrical currents are conducted to the brain via
scalp electrodes. Both techniques share a capacity to modulate regional cortical excitability,
and both are well-tolerated by children and adults [3e, 4e].

TMS in particular stands out among noninvasive brain stimulation techniques in that it has
experimental, diagnostic, and therapeutic potential. With TMS, an operator may either
measure or modulate cortical excitability. This is underscored by clearances from the US
Food and Drug Administration (FDA) for TMS devices for preneurosurgical functional
motor and language mapping, and for the treatment of major depression and migraine [5-7].
A rapidly growing body of research attests to the utility of TMS as a valuable tool for the
study of normal neurophysiology, and to the safety and efficacy of TMS in clinical
conditions where repetitive TMS (rTMS) is applied to either enhance or depress regional
cortical excitability and distributed activity in specific brain networks [1, 3e, 8-11].

tDCS is also undergoing investigation as a plausible therapy for a range of neuropsychiatric
disorders [4¢]. However, to date, the FDA has not approved any devices for tDCS in the
setting of any disorder. Interest in brain stimulation by direct current (DC) subsided after an
initial spike following experiments in the early 1960s, which showed the polarity dependent
DC-mediated modulation of cortical neuronal activity in animal experiments [12], but was
rekindled at the beginning of the 21st century with a fairly rapid expansion of tDCS in
humans [4e, 13]. Now, active tDCS research is driven in part by a very favorable tDCS safety
profile [14e¢], the low cost of tDCS stimulators, and by fairly reproducible effects on the
cortex, where (coarse) exposure to cathodal current leads to cortical suppression and
exposure to anodal current leads to cortical activation [15].

Promising results in adult neurologic and psychiatric disorders have elicited interest in TMS
and tDCS in childhood and adolescent syndromes, and a number of thorough recent reviews
summarize the applications of these techniques in pediatric patients [1, 3¢, 4, 14, 16, 17].
Yet, most clinical TMS and tDCS studies focus on adult populations, and extensive research
into the clinical utility of TMS and tDCS in pediatrics remains an unmet needed. As relevant
to the present review, the child’s brain is a unique physiological entity, and not merely a
small adult brain. We therefore take this opportunity to complement recent reviews with an
update of published TMS and tDCS results in children, and to discuss developmental
neuroscience considerations that should inform pediatric transcranial stimulation.
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TMS Investigational and Diagnostic Utility

TMS is unique among the neurostimulation methods in its roles as a therapeutic intervention
as well as an experimental and diagnostic tool. Three TMS protocols have been used
extensively to study, measure, and modulate cortical excitability as follows:

Single Pulse TMS

In single-pulse TMS (spTMS), the cortex is stimulated once to elicit an evoked response. In
its most common embodiment, spTMS is delivered to the motor cortex to elicit a motor
evoked potential (MEP) in a contralateral limb muscle, recorded via surface EMG. spTMS is
thus gaining acceptance in preneurosurgical motor cortex mapping, and the Nexstim eXimia
device (Nexstim Inc., Chicago IL) has been cleared by the FDA for this indication. During
such functional mapping, the TMS operator, guided by a patient’s brain MRI and frameless
stereotaxy, can test whether stimulation of a specified brain region evokes an MEP from a
specific muscle group. These data are then registered to the patient’s MRI to generate a
precise motor map (Fig. LA-C) where the spatial resolution approximates that which can be
obtained by intraoperative monitoring of MEPs [9, 18].

Motor spTMS has also been utilized to study developmental corticospinal physiology, and
also neurophysiological abnormalities in children with neuropsychiatric disease. Such
physiologic insights can be obtained from several metrics derived from the MEP, such as its
duration, amplitude, latency, and threshold to activation [1]. In early childhood corticospinal
tract development, for instance, the stimulus intensity required to generate the MEP (motor
threshold; MT) increases for the first 90 days after birth, stabilizes until about age 12
months, and then decreases throughout childhood to adult levels by age 16-18 years [1, 3,
19, 20]. Data from our laboratory corroborate these earlier published studies, showing a
significant negative correlation of age to resting MT in children with epilepsy (Fig. 1D).

Maturation of corticospinal tract lateralization has been extensively studied using spTMS.
Stimulation often triggers bilateral MEPs in neonates, with shorter ipsilateral than
contralateral latency, implying direct ipsilateral projections. Ipsilateral MEPs progressively
decrease in amplitude with age, with increasing MT and MEP latency compared with
contralateral, indicating progressive suppression or loss of direct uncrossed corticospinal
projections [1, 3¢, 19, 20]. In contrast, contralateral latency progressively decreases during
childhood and early adolescence (this can be detected if the protocol is adjusted for height)
[19, 21-26]. Even though ipsilateral projections persist in some adults, short latency
ipsilateral responses do not occur in normal subjects past infancy [19, 20].

In contrast to the above-described normal corticospinal maturation patterns, early life brain
injury can result in preservation of ipsilateral cortico-motor projections [19, 20, 27]. Thus,
SspTMS studies also provide insights into neural reorganization after unilateral brain injury
and identify distinct recovery patterns, depending on age at the time of injury. Ipsilateral and
contralateral tracts arising from the undamaged hemisphere persist following unilateral
motor cortex or white matter injury early in development, eventually contributing to bilateral
corticospinal connectivity in the contra-lesional hemisphere [1, 28]. Yet, such scenarios
occur largely with perinatal injury. In 3 older patients (>2 years) with acquired hemiplegia
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caused by injury after the second year of life, spTMS applied to either hemisphere failed to
elicit MEPs in the affected limb, suggesting absence of any healthy motor tracts in the
lesioned hemisphere and also absence of compensatory preservation of ipsilateral motor
connections in the undamaged hemisphere [29].

spTMS has also identified impaired facilitation of motor cortex excitability in adults with
autism spectrum disorder (ASD) [30], has been used to detect corticospinal tract
abnormalities not identified by imaging studies in patients with adrenoleukodystrophy and
transverse myelitis [31, 32], and has shown promise as a diagnostic and prognostic tool in
adolescents and adults with multiple sclerosis [33-35].

In separate applications, spTMS has allowed the study of interhemispheric inhibition in
patients with attention-deficit/ hyperactivity disorder (ADHD) by measuring ipsilateral silent
period (iSP, an arrest in activated EMG signal in a muscle ipsilateral to the stimulated
hemisphere resultant from activation of transcallosal inhibitory circuits by motor cortex
SspTMS) metrics. iSP duration is shorter in children with ADHD, suggesting compromised
inhibitory signaling, while iSP latency is prolonged [36], which may be due to compromised
maturation of anterior callosal fibers [37-39], and correlates with more severe behavioral
symptoms, particularly hyperactivity, and with worse motor scores [40]. Notably, in a
similar cohort of children with ADHD treated with methylphenidate, increased iSP duration
indicating improved cerebral inhibition correlated with clinical improvement of ADHD
symptoms [41].

Paired-Pulse TMS

Paired-pulse TMS (ppTMS) paradigms provide measures of intracortical inhibition and
facilitation, thought to be mediated by gamma-aminobutyric acid (GABA)-ergic and
glutamatergic activity, respectively. In ppTMS, a “conditioning” TMS pulse is delivered
before a succeeding “test” pulse, and limb muscle MEP responses for each stimulus are
recorded. Condition and test pulses vary in intensity depending on the ppTMS paradigm.
Short, 1-5 ms interstimulus intervals (I1SI) with a subthreshold conditioning stimulus lead to
a reduction of the MEP induced by the suprathreshold test pulse, and reflect
intrahemispheric GABA-mediated short-interval intracortical inhibition (SICI). Longer ISls
(6—20 ms) with a subthreshold conditioning stimulus lead to facilitation of the MEP induced
by the suprathreshold test stimulus, reflecting glutamatergic intracortical facilitation (ICF).
ISls of 50-300 ms with both stimuli of suprathreshold intensity measure long-interval
intracortical inhibition (LICI), which is also mediated by GAB Aergic inhibition, although it
may have a greater contribution from GABARg receptors than SICI [42, 43].

ppTMS measures may have a particularly valuable role in pediatric epilepsy. A decrease in
LICI and SICl is seen in the early morning in some patients with generalized but not focal
epilepsy [44], whereas SICI is reduced and ICF is increased in patients with generalized
epilepsy caused by a GABA, receptor mutation [45]. A facilitative shift in the excitation-
inhibition ratio (E:I) occurs in the pre-ictal period in epilepsy, and thus TMS may allow the
identification of epochs of seizure vulnerability and prediction of timing and likelihood of
seizures [44, 46]. ppTMS may also be used to track whether the brain’s E:1 balance has
shifted in a favorable direction with treatment (predicting seizure control) [47], addressing
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an important unmet need for a biomarker to guide dosing or for the identification of a
therapeutic effect in advance of a clinical change, as in after vagus nerve stimulator (VNS)
activation [48] or after initiation of the ketogenic diet [49].

In children with ADHD, SICI (ISI: 10 ms) in the dominant primary motor cortex may
correlate with disease severity. SICI was reduced by 40% in 49 children with ADHD,
correlating with symptom severity [50], and with prolonged iSP latency [40]. Both these
metrics imply that children with ADHD have deficient inhibitory control.

Combining SICI and iSP measures with functional and behavioral studies may help in
characterizing long-term prognostic profiles, and in identifying and developing more
effective treatments. ppTMS studies have also demonstrated differences between ASD
subgroups, such as deficits in SICI in those with early language delay compared with ASD
patients without delay [51], and reduced cortical inhibition in high functioning autism
compared with Asperger disorder [52].

ppTMS metrics thus provide neurophysiological biomarkers with plausible utility in
managing diseases that lack definitive diagnostic and prognostic tools such as ADHD, ASD,
and epilepsy, where clinicians currently must rely on subjective and complex clinical
outcome measures.

Repetitive TMS

Whereas the physiologic effects of single and paired TMS pulses last on the scale of
milliseconds, repetitive TMS (rTMS) modulates cortical excitability on the scale of minutes
to hours, and has clinical effects that can last weeks to months. The magnitude and direction
of change in cortical function following rTMS depends on the stimulation protocol, and the
number and frequency of rTMS sessions. rTMS thus has potential roles as both a therapeutic
intervention and an aide to measure cortical plasticity, which are discussed below.

Continuous and intermittent theta burst stimulation (cTBS, iTBS), specialized rTMS
protocols, are often used to investigate and measure rTMS-mediated cortical plasticity [53,
54]. TBS involves the application of very high frequency rTMS (50 Hz) triplets, spaced 200
ms apart, either continuously for a total of 40 seconds (cTBS) or once every 8 seconds
(iTBS) for about 3 minutes. The rationale for use of TBS protocols is in part the convenience
of deploying a short stimulation train (in contrast to high-frequency and low-frequency
rTMS trains that may take as long as 30 minutes) without any appreciable differences in the
rate and severity of adverse events compared with single-pulse and paired-pulse TMS [55¢],
and in part their resemblance to /n vitro stimulation protocols from which much insight into
cortical plasticity mechanisms is derived [56].

In most normal subjects, iTBS and cTBS cause lasting facilitation or depression of motor
cortical excitability, respectively [17]. When applied over the motor cortex of adults with
ASD, both iTBS and cTBS provide a measure of synaptic plasticity that distinguishes ASD
and control groups, with the ASD group experiencing more durable modulation of the motor
response, possibly reflecting hyperplasticity in these individuals [57]. In 11- to 18-year-old
children with ASD, while iTBS delivered to the dominant motor cortex produced an overall
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increase in excitability lasting for 30 minutes in both the ASD and control groups, MEP
amplitude in patients with ASD was significantly lower 20 minutes after iTBS compared
with controls, indicative, as in adults, of altered (although not necessarily hyperplastic)
cortical synaptic plasticity in children with ASD [58e¢]. A complementary study from our
laboratory indicates that the duration of cTBS-induced modulation increased with age in
children (ages 9-18 years) with ASD, though whether such maturation occurs in
neurotypical subjects is not known (Fig. 1E) [59ee].

A related TMS protocol, paired associated stimulation (PAS), has also been used to study
synaptic plasticity, and has been demonstrated to be safe and reproducible in pediatric
subjects [17, 60]. In PAS, pairs of stimuli are delivered to the median nerve while
simultaneously applying repeated single-pulse TMS to the primary motor cortex, such that
the afferent signal from the median nerve arrives at the motor cortex at the same time as the
TMS pulse is applied. The protocol produces a facilitation in cortical excitability in
neurotypical subjects for up to an hour after stimulation [17] but does not increase MEP
amplitudes in patients with high functioning autism and Asperger disorder [61ee].

In normal brains, cTBS, iTBS, and PAS are believed to induce long-term potentiation (LTP)-
like or long-term depression (LTD)-like plasticity [56, 62]. which the above-mentioned
reports suggest is impaired in ASD. However, substantial variability in TMS-derived
measures of plasticity has been reported even in healthy controls, and may be further
confounded by the heterogeneity underlying ASD pathophysiology [58¢¢]. Nevertheless,
with additional research and adjustments, TMS protocols as a whole may help differentiate
between neurotypical and ASD cohorts as well as distinguish between ASD subtypes [30,
51, 52, 57, 58es, 63].

TMS Therapeutic Potential

Cortical excitability may be suppressed or facilitated long-term by the application of trains
of TMS pulses, as rTMS. The size and direction of the resultant effect can be controlled by
altering the frequency, intensity, and location of stimulation, and the number and frequency
of sessions [17]. Depending on the protocol, rTMS may alter cortical excitability, likely by
both modulating regional GABAergic activity and by the induction of LTP-like or LTD-like
changes in excitatory synaptic strength [17, 64—67]. In general, high frequency repetitive
TMS (HF-rTMS, 5-20 Hz) induces to cortical facilitation, whereas low frequency rTMS
(LF-rTMS, <1 Hz) reduces cortical excitability by mechanisms that are only partially
understood but likely mirror those of use-dependent changes in synaptic strength that follow
electrical repetitive cortical stimulation [68, 69].

In a preliminary trial investigating the use of low frequency rTMS (LF-rTMS) in chronic
hemiparesis after subcortical pediatric ischemic stroke, 1 Hz rTMS at 100% resting motor
threshold (rMT) for 20 minutes over contralesional motor cortex was demonstrated to be
safe and well tolerated in 10 children. LF-rTMS treatment also resulted in improvements in
grip strength in treated patients, which persisted 1 week beyond the intervention in some
participants [28]. A larger clinical trial of 45 children with perinatal stroke showed that LF-
rTMS (1 Hz, 90% rMT for 20 minutes) over contralesional motor cortex constraint induced
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movement therapy (CIMT), doubled the chances of clinically significant motor improvement
in this cohort. Functional motor assessment 6 months after treatment indicated that the
therapeutic effects were additive and greatest when LF-rTMS was coupled with CIMT
[7Qee].

In adult major depression, high frequency rTMS (HF-rTMS) delivered to the region of the
dominant dorsolateral prefrontal cortex (DLPFC) is presently an established therapeutic
intervention, although precise mechanisms of action are not well understood [3¢]. Trials in
children are limited, despite evidence that younger adults with depression respond better to
rTMS [71, 72]. One early study with 9 patients identified several adverse events after 10 Hz
HF-rTMS at 80% rMT for 20 minutes over the left DLPFC over a period of 2 weeks, with 1
patient stopping treatment early due to anxiety and mood lability, another developing
hypomanic symptoms, and a third attempting suicide after treatment [73]. A later study of
30 sessions of 10 Hz HF-rTMS at 120% rMT applied to the DLPFC in subjects taking
selective serotonin reuptake inhibitors reported significant improvement from baseline,
which persisted at follow-up 6 months later, with no cognitive decline in function compared
with baseline [74]. Another recent report on neurocognitive outcomes in adolescents treated
with 30 sessions of open-label DLPFC 10 Hz HF-rTMS at 120% rMT found a significant
decrease in the severity of depression and improved memory and verbal recall, and no
clinically meaningful changes in cognitive function were reported by patients [75¢]. rTMS to
the left DLPFC in children (10 Hz, 120% rMT, 15 sessions) has also been shown to increase
regional glutamate (Glu) levels by 11% from baseline on MRS in 4 out of 6 patients with
depression, corresponding to improved symptom severity [76].

TMS may also provide a novel therapy for other common developmental neuropsychiatric
disorders. For instance, investigators applying 1 Hz LF-rTMS (110% rMT, 20 sessions) to
the supplemental motor area in 25 patients under 16 years of age with Tourette syndrome
observed significant reductions in symptoms 4 weeks after treatment, which correlated with
a bilateral increase in resting motor for at least 6 months after treatment [77¢].

Numerous studies have also targeted a range of brain regions and symptoms with both high
and low frequency rTMS protocols in ASD. Sub-threshold LF-rTMS (0.5-1 Hz, 90% rMT, 6
sessions), suppresses cortical excitability in ASD when applied to the left (or sequential
bilateral) DLPFC, and corresponds to improvements in Repetitive Behavior Scale — Revised
(RBS-R), Aberrant Behavior Checklist (ABC) scores and autonomic measures [17]. One
open-label trial with waitlist controls (control group assignment was not random and was in
part dependent on patient preferences and availability) reported that LF-rTMS over the
DLPFC bilaterally (1.0 Hz, 90% rMT, 6 sessions each side) integrated with neurofeedback
(NFB) enhanced performance on the 3-stimuli oddball task with kanizsa figures and
significantly improved EEG power in the gamma frequency band (psychophysiological
biomarker of attention and executive function in humans). Treatment significantly reduced
repetitive and compulsive behavior as measured by the RBS-R, and scores on the lethargy/
social withdrawal and hyperactivity subscales of the ABC. rTMS-NFB also improved event-
related potential (ERP) indices in patients with ASD [78]. However, HF-rTMS has also been
used to increase excitability in inhibited cortical regions in children with ASD with
intellectual disability. Investigators have reported significant improvement in eye-hand
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coordination, especially when behavioral training was paired with HF-rTMS (8 Hz, 90%
rMT, 30 trains of 3.6 seconds, 3—10 sessions) applied to premotor cortex [79]. While these
trials support plausible efficacy of rTMS in the relief of some ASD symptoms in children
and adolescents, they are susceptible to placebo effects owing to their open-label nature.
Large, randomized controlled clinical trials are required to translate these early findings to
clinical practice.

tDCS Therapeutic Potential

tDCS has been tested as a treatment for a number of pediatric neurologic conditions [4+]. In
a randomized crossover trial in 20 children with ASD, 1 mA anodal tDCS for 20 minutes
over the left DLPFC (F3 on a 10-20 montage) increased peak alpha frequency (an EEG
measure correlated to cognitive performance) and significantly improved scores on the
Autism Treatment Evaluation Checklist (ATEC), with the results showing a positive
correlation between the two [80]. In another crossover trial with 20 children showed
significant improvements in both the Childhood Autism Rating Scale (CARS) and the ATEC
with 20 minutes of left frontal 1 mA anodal tDCS [81]; 2 mA anodal stimulation for 30
minutes over the left DLPFC corresponded to improved syntax acquisition using the
Bilingual Aphasia Test in 10 minimally verbal autistic children [82]. Moreover, 28 sessions
of 1 mA tDCS for 20 minutes with the anode over F3 and cathode over F4 resulted in a
month-long improvement in symptoms in a patient with ASD and drug-refractory catatonia
[83].

As rTMS, tDCS has been investigated in the management of ADHD. One randomized
crossover trial in 20 adolescents with ADHD who received 1.5 mA anodal, cathodal, and
sham tDCS for 8 minutes over the left DLPFC in 3 separate sessions 72 hours apart found
that anodal stimulation increased the accuracy of Go responses in a Go-No-Go task.
Interestingly, cathodal stimulation improved No-Go accuracy compared with anodal and
sham tDCS, indicating improved inhibitory control [84]. Another open-label study of 9
children with ADHD showed an improvement in selective attention and a decrease in errors
in the inhibitory control task with 2 mA anodal tDCS over the left DLPFC [85¢]. A third
study in 14 children with ADHD using slow oscillating tDCS applied for 5 sessions of 5
minutes each separated by 1 minute, with anodal electrodes at F3 and F4 (current strength,
0-250 pA; oscillating frequency, 0.75 Hz) showed a shorter reaction time on a Go-No-Go
task the morning after stimulation at non-REM sleep stage 2, whereas there was no
difference in alertness between groups [86].

tDCS has also been used as an experimental treatment in childhood epilepsy, where the
rationale for use is supported by preclinical animal studies [87, 88]. In one early case series,
18 young children, 13 with cerebral palsy and 5 with organic brain lesions, who received
0.3-0.7 mA tDCS with the anode over the posterior temporal cortex and the cathode over
parietal cortex, for 20-40 minute sessions with a maximum of 15 sessions, showed
reductions in seizure frequency after application [89]. One mA cathodal tDCS over the
seizure focus for 20 minutes also resulted in a significant reduction in epileptiform
discharges up to 2 days after application in 36 children with refractory focal epilepsy [90¢],
and 2 mA cathodal tDCS over the epileptic focus, 5 days a week for 2 weeks in a child with
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epilepsy was associated with a reduction in epileptiform discharges after stimulation [91].
Another case report of 2 children with refractory epilepsy showed a reduction of interictal
epileptiform discharges after three 30-minute sessions of 1 mA cathodal tDCS over C5-C6
during slow-wave sleep [92].

Several randomized, controlled studies also report a beneficial effect of tDCS in patients
with cerebral palsy. Single or multiple 20-50 minute sessions of 0.2—1 mA anodal tDCS
over the primary motor cortex over the more affected hemisphere, either in combination with
standard training or as a mono-therapeutic approach, seems to provoke an improvement in
proprioception, mobility, body sway and balance, gait distance and velocity, and spasticity
ranging from weeks to months [93-98].

Data on the efficacy and safety of tDCS in children, as with most data on pediatric
therapeutic interventions, are sparse and employ heterogeneous stimulation protocols.
Furthermore, there is a paucity of strictly conducted randomized, sham controlled clinical
trials and a preponderance of open label use and case reports with relatively short follow-up
periods, which makes it difficult to use these results to inform clinical practice.

Preclinical Insights into the E:l Ratio in Development

As summarized above and in recent reviews, clinical and investigational TMS and tDCS
roles in humans are encouraging but underscore incomplete efficacy in many disease states
[1, 3+, 4¢]. Notably, the synaptic and molecular mechanisms of neuronal excitability and
plasticity upon which the therapeutic TMS and tDCS effects rely are impractical to study in
humans and, thus, are derived from preclinical animal model research [99-105]. For
instance, given that seizures are a realistic, if improbable, potential side effect of transcranial
stimulation (particularly rTMS) [106], and the immature brain’s vulnerability to seizures as
indicated by experiments in rodent epilepsy models [102], insights into the maturation of the
E:l balance in the developing brain may inform investigators whether and how to adjust
adult neuromodulation protocols to trials in children.

Neuronal activity is critical for normal central nervous system development in utero and,
thus, neuronal circuits are hyper-excitable in early life [103]. Yet, the hyperexcitable state is
not compatible with mature brain function, and the E:l balance shifts toward progressively
lower excitability with age. These shifts are reflected in well-studied maturation of
glutamate and GABA biology as discussed below.

Glutamate released from presynaptic terminal acts on both ionotropic—N-methyl-D-
aspartate receptors (NMDARs) and alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid receptors (AMPARs)—and metabotropic receptors (MGLURS) on post-synaptic
terminals to trigger intracellular signaling cascades.

lonotropic receptors consist of distinct subunits, and the relative abundance of individual
subunits within the receptor, which varies with age, has important functional consequences
[101]. NMDARs are heterotetramers, usually consisting of an NR1 subunit and
combinations of NR2 and NR3 subunit isoforms, and are a major source of calcium influx
when activated by the glutamate ligand. NMDAR-mediated intracellular signaling cascades
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are critical for normal synaptic remodeling and likely for LTP-like and LTD-like rTMS and
tDCS effects [107-109]. However, excessive NMDAR signaling can also contribute to
glutamate excitotoxicity and to pathological processes, such as epileptogenesis, which result
from excess glutamate-mediated neuronal activation [102].

NMDARs in the immature rodent brain contain predominantly NR2B subunits, compared
with NR2A-predominant NMDARs in mature brains. Activated NR2B-NMDARs have
prolonged synaptic current decay times [104, 110] leading to greater calcium influx per
action potential. Other NR subunit isoforms highly expressed in the first 2 weeks after birth
in rodents (human age: birth to 2 years [111])—NR2C, NR2D, and NR3A—reduce the
voltage-dependent magnesium block of NMDA response normally seen in the adult rodent
brain, and also contribute to a relatively increased excitability [112].

AMPARSs are also heterotetrameric complexes of combinations of GIuR1-4 subunits. The
presence of GIuR2 makes an AMPAR impermeable to calcium, and the subunit is present in
most AMPARs in adult rodent brains. However, GIuR2 is not well-expressed in the
developing rodent brain up to the third postnatal week (human age: 2-3 years) leading to
increased calcium influx via activated AMPARs [104].

Thus, the subunit composition of ionotropic receptors together with increased synaptic
glutamate concentrations due to immature removal mechanisms in the developing rat brain
renders it hyper-excitable. While this may be vital for normal developmental plasticity and
synaptogenesis, it also allows extra-synaptic receptor activation and synaptic crosstalk, and
results in lower thresholds for seizures and injury [101, 102, 104, 113, 114] and may,
therefore, be a consideration during brain stimulation.

The maturational trajectory of the G-protein-coupled metabotropic glutamate receptors that
modulate excitability and synaptic transmission via intracellular second messenger systems
is less well studied. The abundance of presynaptic mGIluR1a receptors in developing rat
brains up to the ninth day after birth (human age: term infant), particularly on hippocampal
interneurons [115], may facilitate presynaptic release of GABA, and may explain the
resistance of the developing brain to seizure-induced damage in spite of increased
susceptibility to seizures. mGIluR2, mGIuR3, and mGIuR5 mature by 15 days after birth in
rodents (human age: 0-24 months) [115]. Recent evidence indicates that cathodal tDCS-
induced LTD is primarily mediated by mGIuR5 receptors [116] and, thus, direct current
stimulation protocols may not be less, if at all, effective during the first 2 years after birth in
humans.

In addition to increased glutamate sensitivity, glutamate uptake from the synaptic cleft into
astrocytes via glutamate transporter 1 (GLT-1; called excitatory amino acid transporter 2,
EAAT-2 in humans) is also impaired in developing brains. GLT-1 is highly expressed and
provides 95% of the total glutamate clearance capacity in the adult mammalian brain,
providing the major glutamate removal mechanism [117, 118]. Astrocytic GLT-1 expression
and glutamate uptake, however, do not reach adult levels in the rat neocortex and
hippocampus till the 30th postnatal day (human age: 4-11 years) [113, 119]. Thus,
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glutamate may accumulate in the synaptic cleft in the immature brain and contribute to
either compromised signaling or to neuronal injury.

The effectiveness of transcranial stimulation in adults also depends on the modulation of
GABAergic inhibitory signaling [56, 120]. The powerful inhibitory mechanisms normally
found in the adult brain are compromised at younger ages. Glutamic acid decarboxylase
(GAD, the enzyme responsible for GABA synthesis) and GABA receptor (GABAR)
expression reach adult levels only by the end of the first month after birth in rats (human
age: 4-11 years) [102, 104, 121]. While the GABAA, receptor (GABAAR), a transmembrane
protein consisting of five subunits which determine its functional properties, is
embryonically expressed, GABA signaling undergoes major developmental changes. In
adults, GABAR activation causes chloride ions to move down their concentration gradient
into the neuron, resulting in hyperpolarization and suppression of excitability. This gradient
is established and maintained by KCC2, a neuron-specific transporter that utilizes the
potassium ion gradient generated by the Na*/ K* ATP pump to export chloride ions, keeping
intracellular concentrations low. In the first week after birth in rodents (human age: 36-40
week gestation), however, increased expression of the chloride /mporter NKCC1 and
decreased expression of KCC2 relative to the adult rat brain reverses chloride gradients
[122-124], and thus GABAAR activation causes a net efffux of chloride from the neuron
through the receptor paradoxically facilitating excitation [102—104, 125]. Increasing
expression of neuronal KCC2 over the first 21 postnatal days in rodents (human age: 0-4
years) gradually establishes adult chloride concentration gradients and correlates with the
gradual increase in GABAergic inhibitory tone. GABAARS in the developing brain also have
lower quantities of the a1 subunit compared with adults, and exhibit diminished
benzodiazepine (BZD) sensitivity and slower Kinetics [103, 104].

It is difficult to predict which neuromodulation protocols will be most impacted by the
maturational trajectory of GABAergic inhibitory mechanisms, and those that rely on altered
cortical GABAergic inhibition (such as TBS) may not work as predicted in the very
immature brain [66, 126]. As such, GABA biology is an important consideration when
stimulating the developing nervous system.

Given increased glutamate sensitivity, reduced glutamate clearance, and incomplete GABA-
mediated inhibition in the developing brain, it follows that immature neuronal circuits are
more prone to seizures and injury (Table 1), which is consistent with clinical observations in
children. Yet, not all basic research indicates that brain stimulation poses heightened risks to
children. Young rodents are also less vulnerable to neuronal damage after seizures compared
with adults. Kainate exposure in adult rodents, for example, causes hippocampal and limbic
neuronal death and results in new recurrent excitatory circuits between surviving neurons
[127, 128], while developing brains do not show cell death after kainate-induced seizures
[129, 130] regardless of kainate dose. The absence of well-developed hippocampal mossy
fiber terminals in immature brains that amplify excitatory signaling and help sustain
epileptic seizures may be one plausible explanation for this protection [131], which is seen
in multiple animal models. Recurrent seizures in the developing brain may still, however,
disrupt vital neurodevelopmental milestones and result in deranged networks, leading to
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long-term cognitive and behavioral changes, and lower seizure thresholds in adulthood
[131].

In summary, implications of E:I maturation and the immature brain’s response to stimulation
should be borne in mind while designing pediatric transcranial stimulation protocols,
particularly in pediatric rTMS as seizures-a plausible, if unlikely, side effect [106]-may have
distinct effects on the immature brain. In addition, given developmental changes in brain
function, test-retest reliability and assessment of physiologic effects to properly interpret
behavioral or therapeutic effects is important.

Another important consideration is that immature neurobiology in humans may be either
chronological or pathological due to failure of appropriate maturation, with the brain being
dysmature into adulthood as seen in a range of prevalent neurologic disorders. For example,
mutations resulting in GABAARS deficient in a4 subunits (as in the immature brain) are seen
in some patients with Dravet syndrome lacking the typical sodium channel mutation [132,
133]. GABAAR a1 subunit expression is also decreased in cortical tubers removed from
human tuberous sclerosis complex (TSC) patients, which may account for the
benzodiazepine insensitivity reported in these patients. Tubers also exhibit lower levels of
KCC2 and higher NKCC1 expression, resulting in immature excitatory GABAAR responses
[134]. Similarly, a dysmature NKCC1:KCC2 ratio is seen in early life in a mouse Fragile X
Syndrome (FXS) model [135, 136]. Cortical and cerebellar a.1 expression is also reduced in
ASD, schizophrenia, and major depressive disorder [137].

Dysmature GABAergic signaling is thus found in a range of neuropsychiatric pathology. As
stimulation protocols are developed across ranges of disease states, including those that
affect primarily young patients, such immature physiology should also be considered in the
design of therapeutic neuromodulation protocols for adults with these conditions.

Synaptic Plasticity in the Developing Brain

An assumption made while designing transcranial stimulation protocols is that the
neurobiologic mechanisms underlying the desired effects are similar to those responsible for
the innate capacity to register and store experience as memories or changes in specific
neuronal functions. Such neuroplasticity is believed to depend on LTP and LTD of synaptic
strength. Thus, investigators and clinicians in the neuromodulation field should consider
insights into the neurodevelopmental regulation of synaptic plasticity gained from animals
during the design of pediatric protocols.

Use-dependent enhancement of excitatory synaptic strength (LTP), as well as the
mechanistically inverse LTD, can be reliably reproduced in isolated rodent brain slices [138—
140]. While LTP-like potentiation and LTD-like depression of human corticospinal
responses can now be reliably produced by transcranial stimulation protocols [10, 141], the
developmental timeline of these phenomena has not been extensively studied across the
range of pediatric ages in humans, and translational research can offer valuable insights here
as well, although extrapolating clinical relevance from animal LTP/LTD studies is
challenging.

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2018 May 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hameed et al.

Page 13

Maturation of synaptic plasticity follows multiple, distinct, region-specific trajectories in the
rodent brain. LTP is present at birth in rat barrel cortex, reaches maximal levels between
postnatal days 3 and 5 (human age: 32-36 weeks’ gestation), and is undetectable by 2 weeks
of age (human age: 0-24 months) [99]. On the other hand, isolated rat hippocampal slices
first demonstrate LTP in response to TBS 12 days after birth (0—24 months in humans), and
the response improves with age up to the 35th postnatal day (human age: 11 years) [100].
The visual cortex’s capacity for LTP is greater in adult mice than at 4-5 weeks of life
(human age: 4-11 years) [142]. In contrast, LTD magnitude is enhanced in developing rats
compared with adults. Maximal in rat brains less than 14 days after birth (human age: <2
years), hippocampal LTD progressively declines and reaches adult levels by the postnatal
day 35 (human age: 4-11 years) [143, 144]. In addition, younger rodents have a lower
threshold for LTD induction [143].

Experiments designed to investigate differences between immature and mature brain
physiology in vivo are sparse. However, one study shows that iTBS causes functional
modification of cortical GABAergic parvalbumin positive (PV+) interneurons in rats only
after 32 days of life (human age: 4-11 years), reaching a maximal effect by postnatal day 40
(human age: 12-18 years). This may be because immature PV+ cells have not developed
enough synaptic connections to receive the level of excitatory input required to be affected
by iTBS [105].

Whether such region-specific maturational trajectories of plasticity are present in human
brains is unknown, and could potentially be tested with TMS and tDCS. For instance, altered
plasticity is reported in human FXS patients in a recently published study from our
laboratory, where a single application of cTBS failed to modulate MEP amplitude in FXS
but a second cTBS application, 24 hours after the first, caused paradoxical facilitation of
excitability [145]. These data, along with classic reports of critical periods of cortical
plasticity [146, 147], demonstrate that modulation of cortical excitability in immature and
dysmature brains may require stimulation protocols that are distinct from those used for
healthy adult subjects.

Conclusions

Noninvasive transcranial stimulation is an intensive area of ongoing basic science and
translational research in pediatric neurology aimed at identifying new therapeutic options for
a variety of suboptimally treated neurologic diseases in children. The authors hope that the
data discussed above provide insights that merit consideration in pediatric brain stimulation.
Further research is required to investigate the effects of age-related differences in basic
neurologic mechanisms on the safety and efficacy of brain stimulation in the pediatric brain.
However, although the characteristics of the child’s brain pose challenges to the design and
execution of transcranial stimulation protocols, the unique opportunity these modalities offer
for studying and modulating pediatric neuropathology and neuroplasticity is unmatched.
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Fig. 1. Investigational and diagnostic utility of transcranial magnetic stimulation
A-C, representative hand motor map in a child. A, abductor pollicis brevis (APB) MEP

obtained by motor cortex single-pulse TMS. B, multiple MEPs are color-coded by
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amplitude, with white corresponding to maximum and gray corresponding to minimum, and
projected onto the patient’s brain MRI. C, enlarged motor map shows APB localizing to the

“hand knob” region of the precentral gyrus (unpublished data). D, correlation of age to
resting motor threshold. Pearson correlation test shows significant negative correlation

between rMT (in hemisphere contralateral to seizure focus) and age in children (N = 48)
with epilepsy [148]. E, modulatory effect of continuous theta burst stimulation in ASD.

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2018 May 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hameed et al.

Page 24

Corticospinal excitability was assessed every 5-10 minutes to determine the duration of
¢TBS induced modulation in children with ASD (N = 27) and healthy controls (N = 4).
Pearson correlation test in the ASD group shows significant positive correlation between age
and duration of modulation. Only 4 healthy control participants have been assessed thus far,
but there is currently no age-related correlation in this group (unpublished data)
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Table 1

Distinctions in excitatory and inhibitory mechanisms between immature and mature brains
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Immature/Dysmature
Brain

Mature Brain

Relevance to Brain
Stimulation

Excitation:Inhibition

7T Excitation

7T Inhibition

Glutamatergic Excitation

NMDA Receptor

& 2, T 2g subunits
7T current decay time

T 2¢, 25, 3asubunits
{ voltage-dependent Mg
block

2+

T 2, d 2 subunits
d current decay time

{ 2¢, 25, 3asubunits
7T voltage-dependent Mg
block

2+

AMPA Receptor

Glutamate Transporter

4 GIuR2 subunit
T ca** permeability

{GLT-1
T [Glu]synaptic

GABAergic Inhibition

1 GluR2 subunit
4 ca®* permeability

T G6LT-1
‘l’ [Glu]synaptic

GABA, Receptor

Electrochemical Chloride
ion (CI') gradient

4 a; subunit
4 BzD sensitivity
slow kinetics

T NKcc1 dkeez
(T [Cl_]intracellular)
(GABA, excitatory)

T o subunit
T BzD sensitivity
fast kinetics

INKce1 Tkee2

(J’[Cl_]intracellular)
(GABA, inhibitory)

Lower seizure thresholds
in immature/dysmature
brains

Region-specific
maturational patterns of
synaptic plasticity

Unanticipated
developmental
consequences of
neuromodulation

BZD benzodiazepine; [Glu]synaptic synaptic glutamate concentration; /CI™ Jintracel/ularintracellular chloride concentration

Adapted with permission from Hameed M.Q., Sanchez M.J., Gersner R., Rotenberg A. Insights into pediatric brain stimulation protocols from
preclinical research. In: Kirton A., Gilbert D.L., Eds. Pediatric Brain Stimulation. Academic Press: 2016:117-130
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