Neuroscience Letters 719 (2020) 134489

=% Neuroscience %

Contents lists available at ScienceDirect Lefters

Neuroscience Letters

journal homepage: www.elsevier.com/locate/neulet

Review article

Check for
updates

A systematic review of the proposed mechanisms underpinning pain relief
by primary motor cortex stimulation in animals

Dylan Henssen (MD)>P%*, Esmay Giesen (BSc)>!, Maudy van der Heiden (BSc)>P!,
Mijke Kerperien (BSc)»™!, Sibylle Lange (BSc)>™,

Anne-Marie van Cappellen van Walsum (MD, PhD)™¢, Erkan Kurt (MD)?,

Robert van Dongen (MD, PhD)Y, Dennis Schutter (PhD)¢, Kris Vissers (MD, PhD)“

2 Department of Neurosurgery, Radboud University Medical Center, Nijmegen, the Netherlands

Y Department of Anatomy, Radboud University Medical Center, Nijmegen, the Netherlands

¢ Donders Institute for Brain, Cognition & Behavior, Radboud University Medical Center, Nijmegen, the Netherlands

d Department of Anesthesiology, Pain and Palliative Care, Radboud University Medical Center, Nijmegen, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: Experimental treatments for treating neuropathic pain include transcranial magnetic stimulation (TMS) and
Animals invasive electric motor cortex stimulation (iMCS) of the primary motor cortex (M1). Mechanisms of action of
Chronic neuropathic pain both methods, however, remain largely elusive. Within this paper, we focus on animal-based experiments in
Neuromodulation

order to investigate the biological mechanisms that are involved in alleviating pain by use of TMS and/or iMCS.

Therefore, this paper systematically reviewed the animal-based evidence on these mechanisms. Multiple
online databases were systematically searched and retrieved articles were assessed using predefined inclusion
and exclusion criteria.

Twenty-three suitable articles were included; six on TMS and seventeen on iMCS. In general, iMCS and TMS
were found to impact the primary motor cortex structure and function in animals. Furthermore, structural and
functional changes within the thalamus, striatum, periaqueductal grey, rostral ventromedial medulla and dorsal
horn were reported to occur.

Although widespread, all areas in which structural and functional changes occurred after TMS and iMCS have
been found to be interconnected anatomically. This could provide a rationale for future investigations of treating

Motor cortex

Motor cortex stimulation
Transcranial magnetic stimulation
Physiology

neuropathic pain by use of neuromodulation.

1. Introduction

Chronic neuropathic pain remains a poorly understood neurological
disorder with a broad variety of affected brain regions and -networks
involved [40]. As a consequence, a corresponding wide range of
pharmaceutical and inventional treatments have been employed to
treat these patients [6]. In addition, neuromodulation treatments have
been developed to treat chronic neuropathic pain. In the 1990s, Tsu-
bokawa et al. reported that placing an active electrode on the primary
motor cortex (i.e, invasive motor cortex stimulation; iMCS) induced
analgesic effects in pain patients [41]. The same group reported that
stimulation of the primary motor cortex was capable to decrease tha-
lamic hyperactivity induced by spinothalamic deafferentation, whereas

stimulation of the primary somatosensory cortex increased the thalamic
burst firing pattern, indicating increased thalamic hyperactivity [42].

Non-invasive stimulation of the primary motor cortex (i.e., tran-
scranial magnetic stimulation; TMS) related to pain research was ori-
ginally used as a predictive test to preoperatively distinguish re-
sponders from non-responders in iMCS treatment. In TMS, a high
current pulse generator produces a strong, ultra-brief electric current in
a coil with a time-varying magnetic field [18]. This magnetic field will
create a secondary current in nerve tissue that, depending on stimula-
tion frequency, can in- or decrease excitability of neural tissue directly
beneath the coil [11,23]. The therapeutic use of TMS for neuropathic
pain has so far been limited due to its relatively short-lived effect,
which is thought to last for approximately one week [22].
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Despite the documented analgesic effects, the exact mechanisms of
action of TMS and iMCS in pain management remain largely elusive.
The modulating mechanisms of TMS and iMCS are considered to have a
substantial amount of overlap [27], as it is believed that both techni-
ques induce changes in cortical excitability, which in turn affects the
excitability of neurons in subcortical structures and -tracts involved in
the processing of nociceptive input. Based on the finding that unilateral
TMS can induce bilateral analgesic effects, it thought that the regions
modulated by TMS/iMCS are found in diencephalon and/or are part of
the descending pain modulation system (including the periaqueductal
grey and the rostral ventromedial medulla) [28].

In order to investigate the involved neural pathways and other
mechanisms of action, animal models have been studied with TMS and
iMCS. Animal models allow for more experimental designs, including
the evaluation of brain structure and function by post-mortem, histo-
logical assessment. Vis-a-vis comparison between the mechanistic
findings in animals and humans is dubious at best considering that the
level of analysis that could be done in animals is much higher than in
humans. This paper therefore provides an overview of these animal-
based experiments which investigate the underpinnings of analgesia
achieved by TMS and/or iMCS.

2. Materials and methods

Five investigators (E.G., M.v.d.H., M.K,, S.L. and D.H.) in-
dependently and systematically searched online databases (i.e.,
PubMed, Embase, MEDLINE, Google Scholar, and the Cochrane
Library), with assistance of an independent librarian. Keywords in-
cluded: “Transcranial Magnetic Stimulation”, “Motor Cortex
Stimulation”, “Mechanisms”, “Physiology” and “Analgesic effects”. In
order to enrich the results, Medical Subject Headings (MeSH-) terms
with major subheadings were added to the search strategy. Literature
was searched for until August 2018. Inclusion criteria were: 1) Animal
studies; 2) Neuromodulation (TMS or iMCS) carried out to alleviate
pain (either chronic or experimental); 3) Primary outcome of the paper
was the mechanisms of action via which aforementioned forms of
neuromodulation provided pain relief. Systematic reviews and articles
written in other languages than English were excluded as well.
Observational studies, case reports and randomized-controlled trials
were excluded when they did not report on the mechanisms of action of
neuromodulation in ameliorating pain. In total, 1241 original articles
were retrieved after conducting the searches. Each paper was randomly
assigned and reviewed on relevance by title, abstract and full-text by
two investigators independently. Incongruently assessed articles were
evaluated by a third, independent investigator. A total of 1126 papers
were excluded, resulting in 115 articles remaining. For the final as-
sessment, papers were only included when they discussed the me-
chanisms involved in the analgesic effects of TMS and/or iMCS. After
in-depth, full-text analysis, a total of 23 papers were included based on
this last inclusion criterion (Fig. 1).

3. Results

Twenty-three animal-based studies were included in this review; six
publications discussed the proposed mechanisms of TMS and seventeen
papers discussed the actions underpinning iMCS.

3.1. TMS in animals

Five of the included studies used rat-models, whereas one paper
used a macaque monkey as model in a neuroimaging study. The mea-
surements used in the included rat studies can be divided into two
categories: 1) effect of TMS on cortical excitability; and 2) effect of TMS
on biochemical composition of the nervous system. See Tables 1 and 2
for a detailed overview of the included TMS studies. Regarding the
applied stimulation protocol in the TMS studies can be found in Table 2.
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It can be appreciated that various TMS protocols are used.

Muller et al. showed that repetitive TMS (rTMS) reduced cortical
excitability in healthy rats. rTMS induced decrease in cortical excit-
ability which was found to be NMDA receptor dependent as rTMS was
not capable of changing motor cortex excitability after administering a
competitive and non-competitive NDMA receptor antagonist [30].
Hsieh et al. carried out a comparable study and investigated the cortical
excitability depending on the GABAa receptor in healthy rats. Admin-
istering a GABA« receptor antagonist and agonist respectively reduced
and enhanced TMS-induced cortical inhibition, suggesting TMS-in-
duced cortical excitability is GABAa receptor dependent [12].

Regarding the biochemical composition of the central nervous
system, Loffler et al. documented increased serotonin levels in the nu-
cleus accumbens shell after rTMS in rats. They furthermore found that
increased outflow serotonin levels in the nucleus accumbens shell re-
gion after active rTMS, whereas sham TMS did not induce such changes
[24]. Another animal based study that the lipid profiles in the rat
changed in the prefrontal cortex and striatum after rTMS [21]. More
specific, there were significant alterations in plasmalogen phosphati-
dylethanolamines, phosphatidylcholines, and increases in sulfated ga-
lactosylceramides or sulfatides. Plasmalogen species with long chain
polyunsaturated fatty acids showed decrease in abundance together
with corresponding increase in lysophospholipid species. These changes
suggest endogenous release of long chain fatty acids in the central
nervous system. The hippocampus, another studied region, showed no
significant changes, whilst changes in the striatum were often opposite
to that of the prefrontal cortex [21]. Another animal based study in-
vestigated the expression of neuroglia in the spinal cord. For this, they
induced spinal cord injury in rats [16]. They found decreased expres-
sion of the proteins Ibal and GFAP after rTMS, suggesting pain mod-
ulation by rTMS-induced attenuation of microglia and astrocyte activity
in the dorsal horn of L4 and L5 segments.

Ohnishi et al. investigated the biochemical effects of rTMS by using
[*!Clraclopide positron emission tomography in macaque monkeys.
After rTMS, it was found that after unilateral rTMS the extracellular
dopamine concentration increased in the ventral striatum, including the
nucleus accumbens, in both hemispheres. In addition, rTMS over the
right M1 decreased the extracellular dopamine concentration in the
ipsilateral putamen, as compared to sham stimulation [31].

3.2. iMCS in animals

Fifteen of the included studies used rat-models, whereas one paper
used a rabbit-model and another one used a cat-model. Animal-based
studies have extensively investigated the mechanisms underlying the
analgesic effect of iMCS. In general, four types of research have been
conducted: 1) neuroimaging studies to investigate changes in blood
flow and/or activity induced by iMCS in vivo; 2) immunohistochemical
studies investigating patterns of increased activity induced by iMCS ex-
vivo; 3) agonist/antagonist studies to diminish/enhance the results of
iMCS; and 4) studies investigating structural changes within the neural
system induced by iMCS. See Table 3 for an overview of the included
iMCS studies.

Using [*®F]-FDG PET to measure brain activity in rats after iMCS, it
was observed that alterations in activity occurred in the striatum,
thalamic areas and cerebellum [15]. The same study showed that
neuronal activity in the thalamus (ventral posterolateral nucleus) was
effectively supressed by iMCS [15]. Another neuro-imaging study
showed significant lower blood oxygen level dependent (BOLD) re-
sponses in the primary somatosensory cortex (S1) and prefrontal cortex
following noxious stimulation after iMCS [13], indicating that the areas
involved in processing nociceptive input were impacted by iMCS.

This was corroborated by an immunohistochemical study, in which
an increased cFos- and Egr-1 immunoreactivity in the PAG and de-
creased cFos- and Egr-1 immunoreactivity in the dorsal horn of the
spinal cord was observed in rats after iMCS. These findings indicate an
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Exclusion 2: Removal based on

predefined exclusion criteria
(N=1126)

Exclusion 3: Final exclusion after

full-text analysis
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TMS (N=6)

Fig. 1. Flow chart describing the study selection process.

inhibited transmission of noxious stimuli from the dorsal horn of the
spinal cord [9]. Such an iMCS induced inhibited transmission of nox-
ious stimuli from the dorsal horn, as visualized by use of im-
munohistochemistry, was in agreement with findings of other groups
[15,32]. With regard to the midbrain structures, immunohistochemistry
studied found decreased Egr-1, GABA and glutamic acid decarboxylase
expression in the ipsilateral PAG [33], which conflicts with the findings
of Franca et al, who reported increased Egr-1 immunoreactivity in the
PAG [9]. Other studies which investigated cell activation with cFos
immunoreactivity found that iMCS suppresses neuronal activity in the
ventral posterolateral nucleus [15], anterior cingulate cortex (ACC), left
principal sensory nucleus of the trigeminus [20] and central and ba-
solateral amygdaloid nuclei [20,32]. No Egr-1 immunoreactivity
changes were observed in the ACC and central amygdaloid nucleus
[32].

In 2012 and 2013, Chiou et al. observed two phenomena in rats

with iMCS. First, they observed suppressed short-latency somatosensory
evoked potentials (SSEPs) and second, decreased neuronal responses of
the primary somatosensory cortex were observed after noxious stimuli.
These effects could be reversed by administering an opioid antagonist
and a nonspecific dopamine receptor antagonist within the periaque-
ductal gray (PAG) [4,5]. Therefore, they concluded that iMCS possibly
induces the release of endogenous opioids in the PAG [4]. As the PAG is
considered a site at which endogenous opioids are released, other an-
imal-based studies focussed on the effect of opioid antagonists on the
analgesia provided by iMCS. Infusion of an opioid antagonist or a GABA
agonist in the zona inserta (ZI) showed a complete block of iMCS-in-
duced effects [26]. Cha et al. studied neuron activity within the pos-
terior thalamus by use of electrophysiological recordings during iMCS
using and the effects of administering a GABA agonist. They showed
that iMCS enhanced activity of the activity of the neurons in the zona
incerta en reduced the activity of the neurons in the posterior thalamus.
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Inactivation of the neurons in the zona incerta by administering a GABA
agonist reversed the effects of iMCS on the posterior thalamus neurons.
The authors concluded that iMCS activated the incertothalamic
pathway by increasing inhibition within the thalamus, which was
considered to be a GABA-mediated process [3]. A third rat study ad-
ministered an opioid antagonist blocking the cell-region Al1, which
completely reversed the analgesic effects of iMCS. Blocking dopamine 2
receptors with an antagonist had the same effect [43]. The studies of
Cha et al. and Viisanen et al. support the hypothesis that iMCS inhibits
thalamic processing of noxious inputs, which seems highly dependent
on the opioidergic system [3,43]. Viisanen et al. showed activation of
locus coeruleus (LC) neurons by electro as a result of iMCS. However,
an opioid antagonist and blockage of spinal alpha2-receptors both
failed to attenuate iMCS effects. Therefore it was concluded that the LC
or its descending noradrenergic pathways may not have a major role in
the spinal antinociceptive effect [44]. Another animal-based study in
rats found pre-treatment with cannabinoid antagonist (AM251) blocked
the effects of iMCS, which led the authors to suggest that iMCS de-
creases proinflammatory processes by activating the cannabinoid
system and suppresses pain by activation of the opioid system [36]. An
increase in concentrations of glycine and taurine after iMCS was found
in rabbits [37]. Others administered a 5-HT; 5 receptor antagonist and a
GABA receptor agonist and concluded that the rostral ventromedial
medulla (RVM) and the descending serotonergic pathway acted on the
spinal 5-HT;, receptor, which contributed to spinal antinociception
induced by iMCS [45]. The study of Kim et al. showed that iMS also
increased serotonin labelling in rats with induced neuropathic pain
[15]. The studies of Viisanen et al. and Kobaiter-Maarrawi et al. mea-
sured firing rates of neurons in the rat and cat, respectively. After ad-
ministrating a dopaminergic antagonist into the striatum, baseline re-
sponses were enhanced and iMCS effects were reversed in firing rates.
In nociceptive specific neurons, it had no effect on baseline responses
[19,43]. Spinal administration of the same antagonist enhanced the
heat response of nociceptive neurons and disabled iMCS to suppress the
heat response of neurons. Therefore, the investigators concluded that
the supraspinal- and spinal dopaminergic systems play an important
role in the descending system [43].

One study investigated morphological changes and found that as-
trocytes were enlarged and their number increased in the thalamus and
cortex of the ipsilateral hemisphere after chronic iMCS. The hypothe-
sized mechanism involved induced neuroplasticity by iMCS through the
activation of thalamic astrocytes [29].

occurrence through modulation of the

thalamocortical loops to nociceptive
WDR cell excitability

iMCS could limit the priming of
information, by reducing burst

Conclusion

2) iMCS exhibited activity increase

depression of WDR cells firing rate,
in non-nociceptive cells

concomitant with activity
enhancement of non-nociceptive

1) iMCS induced a significant
units

Findings

Electro-physiology

Methods

activities of the thalamic

Changes in single-unit
VPL

Measurements

Intervention
iMCS of M1

4. Discussion

4.1. Connections between the different regions impacted by primary motor
cortex neuromodulation in animals

Condition
Healthy

In general, this review shows that animal models provide unique
insights in our understanding of primary cortex neuromodulation as a
pain treatment. The analgesics effects of (r)TMS and iMCS seem to be
based on direct modulation of the primary motor cortex and indirect
modulation of three subcortical structures. Predominantly functional
changes have been described in the reviewed literature, which has been
reported to be regulated on neurotransmitter level. These functional
changes have been investigated by each study individually and together
form a cascade of neural structures and their interplay, which can
possibly explain the analgesic effect of iMCS.

Functional changes within the primary motor cortex have been
described after iMCS and TMS [12,30]. Both the functional and struc-
tural changes could be explained by the involvement of the GABAa-
receptor. The GABAa-receptor is the most widespread inhibitory re-
ceptor in the central nervous system and is mainly found on post-sy-
naptic membranes [46]. In neuropathic pain models, upregulation of
the neuronal expression of the GABAa-receptor has been described
[25], although this alone is generally not regarded as sufficient to cause

N  Males (%)
20

Animal
Cat

Experimental

Study design
study

Author (year)
Maarrawi
et al.
(2017) [19]

Kobaiter-

labeled water positron emission tomography; iMCS: invasive motor cortex stimulation; LC: locus coeruleus; M1: primary motor cortex; MCC: midcingulate cortex; MOR: mu opioid receptor; N: number of participants; N/

A: not applicable; PAG: periaqueductal gray; pgACC: pregenual anterior cingulate cortex; PFC: prefrontal cortex; PMBS: post-movement beta synchronization; Po: posterior thalamus; P2 X 4: purinoceptor involved in
nucleus; WDR: wide-dynamic range; ZI: zona incerta; 5-HTy5: serotonin 1A; [''C]-PET: [11C]diprenorphine positron emission tomography; ['®*FIFDG- mPET: 2-deoxy-['®F]fluoro-D-glucose micro-positron emission

neuropathic pain; RVM: rostroventromedial medulla; SD: standard deviation; SSEP: somatosensory evoked potential; S1: primary somatosensory cortex; S2: secondary somatosensory cortex; VPL: ventral postero-lateral
tomography.

Al1: dopaminergic cell group/nucleus within the hypothalamus; ACC: anterior cingulate cortex; BOLD: blood oxygen-level dependent; CB2: cannabinoid type 2; CBF: cerebral blood flow; CG: cingulate gyrus; D2R:
dopamine D2 receptor; DHSC: dorsal horn of the spinal cord; ECS: extracellular space; Egr-1: early growth response protein 1; fMRI: functional magnetic resonance imaging; GABA: y-Aminobutyric acid; H,'°0-PET: °0-

Table 3 (continued)
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grey matter volume changes [34]. With regard to the subcortical
changes, modifications of thalamic function and structure have been
described to occur after iMCS and TMS [3,26,29,32,33]. Second,
functional changes within the striatum have been documented as well
[21,24,31,43]. Third, the brainstem centers (i.e., PAG, LC and RVM)
[9,15,20,33,44] and the spinal cord structures [15,16,19,36,37,45] that
are thought to modulate pain were also found to be impacted by in-
vasive and non-invasive primary motor cortex stimulation. Anatomical
evidence that all these regions are interconnected in rats was provided
by Kita and Kita in 2012 [17]. In this study, an anterograde tracing
method was applied to examine the cortical layer of origin, the sizes of
parent axons and the specific projections to other brain regions of
corticofugal tracts in rats. The study revealed that from the motor
cortex various collaterals innervate multiple brain sites including the
striatum, associative thalamic nuclei, superior colliculus, ZI, pontine
nucleus, multiple other brainstem areas, and the spinal cord. It is fur-
thermore known that the ventral posteromedial nucleus- and the ven-
tral posterolateral nucleus of the thalamus receive feedback from the
sixth layer of the motor cortex, suggesting the existence of an extensive
modulation circuitry [35]. The nociceptive system is generally regarded
to consist of an ascending pain processing system and a descending pain
modulating system [39]. The ascending pain processing system consists
out of a medial- and lateral pain pathway. The medial pain pathway
encodes the motivational and affective components of pain [1]. It is
activated by C-fibers which synapse within the fifth and other deep
layers of the dorsal spinal horn. These fibers connect to the posterior
part of the ventromedial nucleus, the ventrocaudal part of the medial
dorsal nucleus, the parafascicular nucleus and the centrolateral nucleus.
From the thalamic nuclei, connections course to the anterior cingulate
gyrus and the insula [7]. The lateral pain pathway serves the dis-
criminatory and sensory dimensions of pain [1] and is activated by C-,
Aé- and/or AB-fibers that synapse at the level of the first and fifth la-
minae of the dorsal horn. It connects to the ventral posterolateral nu-
cleus, the ventral posteromedial nucleus and the ventral posterior in-
ferior nucleus. From the thalamic nuclei, fibers reach the
somatosensory cortices and the parietal area [2]. Bearing the anato-
mical evidence of structural and functional connections in mind, the
widespread impact of neuromodulation of the primary motor cortex
stimulation to treat chronic pain can be explained.

4.2. Strengths and limitations

One of the strengths of this review comprises the extensive literature
review of animal-based studies on iMCS/TMS in alleviating pain. The
reviewing of both iMCS and TMS of the primary motor cortex provides
more extensive insights from different studies, although both techni-
ques are not the same. The systematical approach methods used in this
review strengthens our conclusion. Limitations of this review can be
found in the heterogeneity of the applied stimulation protocols.
Especially in TMS-related research, these protocols are of crucial im-
portance in order to create an understanding of the results. These
protocols might explain contradictory findings as some protocols are
regarded as excitatory (e.g., continuous theta-burst stimulation) or in-
hibitory (e.g., intermittent theta-burst stimulation). Nevertheless, this
dichotomy is rather relative as prolonging a TMS protocol can also
reverse the neural effects [10]. In addition, the exact reasoning on
which this dichotomy is based remains topic of debate among scientists
[8,38]. Therefore, the comparison of different TMS studies might be
hindered by the different TMS protocols applied in these studies.

5. Conclusion

To conclude, this systematic review illustrates that the proposed
analgesic mechanisms elicited by TMS or iMCS have a considerable
amount of overlap in animals. Further progress can be made by a more
systematic study of the various mechanisms involved and a consensus
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about the optimal stimulation parameters to be used. This could pro-
vide new leads for developing novel ways to treat chronic neuropathic
pain or to optimize future neuromodulation therapy.
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