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Over the past few decades, much progress has been made in the clinical use

of electrical stimulation of the central nervous system (CNS) to treat an ever-

growing number of conditions from Parkinson’s disease (PD) to epilepsy as

well as for sensory restoration and many other applications. However, little is

known about the effects of microstimulation at the cellular level. Most of the

existing research focuses on the effects of electrical stimulation on neurons.

Other cells of the CNS such as microglia, astrocytes, oligodendrocytes, and

vascular endothelial cells have been understudied in terms of their response

to stimulation. The varied and critical functions of these cell types are now

beginning to be better understood, and their vital roles in brain function

in both health and disease are becoming better appreciated. To shed light

on the importance of the way electrical stimulation as distinct from device

implantation impacts non-neuronal cell types, this review will first summarize

common stimulation modalities from the perspective of device design and

stimulation parameters and how these different parameters have an impact on

the physiological response. Following this, what is known about the responses

of different cell types to different stimulation modalities will be summarized,

drawing on findings from both clinical studies as well as clinically relevant

animal models and in vitro systems.

KEYWORDS

electrical stimulation, non-neuronal cell types, microglia, astrocytes,
oligodendrocytes, endothelial cells, blood brain barrier (BBB), neuroinflammation

Introduction

Neurological disorders were the leading cause of disease burden globally as of
2015 according to the World Health Organization’s Global Burden of Diseases, Injuries
and Risk Factors study (Feigin et al., 2017). In the United States alone, nearly 200
million people suffered from neurological disorders in 2017 (Collaborators et al., 2021)
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with an associated cost estimated at $765 billion or more, with
the prevalence of neurological diseases in the United States on
the rise from 1990 to 2017 (Gooch et al., 2017; Collaborators
et al., 2021). Neuromodulation via electrical stimulation has
become increasingly useful not only for the treatment of drug-
resistant psychiatric disorders such as depression (Mayberg
et al., 2005; McClure et al., 2015), but also for the treatment
of neurological disorders including Parkinson’s disease (PD)
(Deuschl et al., 2006), essential tremor and dystonia (Uc
and Follett, 2007), epilepsy (Theodore and Fisher, 2007),
and chronic pain (O’Connell et al., 2018). Its use has also
enabled the partial restoration of sensory perception in patients
suffering from loss of vision, hearing, and touch (Wilson
and Dorman, 2008; Zeng et al., 2008; Micera et al., 2010;
Ayton et al., 2014; Couloigner et al., 2014; Yue et al.,
2015; Flesher et al., 2016, 2021; Schiefer et al., 2016; Sehic
et al., 2016; Jang et al., 2019). This research has fueled
the developing field of bioelectronic medicine, encompassing
central nervous system (CNS) stimulation. The number of
conditions for which electrical stimulation could become a
viable treatment continues to increase. Studies of electrical
stimulation of the autonomic and peripheral nervous system
for the treatment of various conditions such as gastritis (Xu
et al., 2017; Shine and Abell, 2020) and cardiovascular disease
(He et al., 2016) as well as others (Clancy et al., 2014;
Howland, 2014; Yang et al., 2018; Maisiyiti and Chen, 2019;
Yap et al., 2020) have been explored. For the purposes of
this review, we will narrow our focus to CNS stimulation,
specifically, brain and spinal cord stimulation. Effects specific
to electrical stimulation will be discussed, as distinct from
the effects of device implantation, which have been reviewed
elsewhere (Biran et al., 2005; Kozai et al., 2012, 2015; Saxena
et al., 2013; Salatino et al., 2017; Woeppel et al., 2017;
Bennett et al., 2018; Ereifej et al., 2018). Invasive stimulation
modalities necessarily elicit a foreign body response to the
implanted device, which will be discussed briefly as this is
the context in which the response to electrical stimulation
occurs. In characterizing the response to electrical stimulation
via implanted devices, one of the challenges is to distinguish
the response to stimulation from the response to device
implantation (Deuschl et al., 2006; Cogan, 2008; Forst et al.,
2015).

This review aims to provide readers in biology with
information on electrode technologies and principles of
electrical stimulation used in clinical modalities. For readers
in material science this review aims to provide an overview of
research investigating the effects of electrical stimulation of the
CNS, with a focus on the effects on non-neuronal cell types. The
effects of electrical stimulation on neurons have been extensively
reviewed elsewhere (Ranck, 1975; Merrill et al., 2005; Liu et al.,
2018).

Clinically relevant approaches to
electrical stimulation of the central
nervous system

Clinically available electrical neuromodulation technologies
have improved the quality of life of hundreds of thousands of
patients living with neurological disorders, the most successful
of which has been deep brain stimulation (DBS) for the
treatment of movement disorders (Lozano et al., 2019).
To achieve the desired therapeutic effects, the selection of
electrode configuration and stimulation parameters is critical.
The specificity of neuronal recruitment is governed by the
placement, size, and material construction of the electrode
device whereas the safety and efficacy of stimulation are largely
influenced by electrode materials and stimulation paradigms.
Electrode construction, material composition, and stimulation
parameters for common clinical applications of electrical
stimulation are summarized in Table 1 and described in the
following sections. This does not represent an exhaustive list of
paradigms as electrical stimulation is a rapidly evolving field, but
rather this list touches on some of the more successful and more
widely applicable clinical modalities in electrical stimulation of
the central nervous system.

Depending on the treatment, electrical stimulation may
be delivered invasively via macroelectrodes (geometric surface
area > 5,000 µm2) (Deuschl et al., 2006) or microelectrodes
(geometric surface area < 5,000 µm2) (Cogan, 2008) or non-
invasively via surface electrodes (Forst et al., 2015). Current
may be applied via alternating or direct current stimulation
or via pulsatile stimulation. The vast design space of electrical
stimulation, from electrode construction and material selection
to stimulation paradigm, requires a deep understanding of the
effects of electrical stimulation not only on neurons, but also on
the non-neuronal cells of the nervous system.

Invasive neurostimulation devices
utilizing pulsatile current stimulation

We will first summarize a few of the more prominent
neurostimulation modalities requiring surgical implantation
into the central nervous system. These modalities for the most
part employ alternating current stimulation, often utilizing
biphasic pulsatile stimulation with pulse widths on the order
of hundreds of microseconds. Target regions range from the
cortex to subcortical ganglia to the spinal cord, and electrode
configurations can be either macroelectrodes or microelectrodes
depending on the therapeutic target. Of these modalities,
DBS and ICMS have the largest literature and will be the
focus of this review in subsequent sections. Other emerging
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TABLE 1 Summary of stimulation parameters reported in literature for the major stimulation modalities discussed in this review.

Neuromodulation Electrode type Materials Clinically approved stimulation
paradigm

References

DBS Macroelectrode Pt/Ir 2–4 V, 60–450 µs pulse width, 130–185 Hz Kuncel and Grill,
2004

- - 0.5–6.5 V, 60–180 µs pulse width, 100–185 Hz Yang et al., 2020

SCS Octopolar electrode Pt/Ir 1–5 mA, 10 kHz for 30 µs Kapural et al., 2015

- - 0.5 V, 120 µs pulse width, 40 Hz Yuru Tang et al.,
2018

RNS Multicontact depth
or strip electrodes

Pt/Ir 0.5–12.0 mA, 100 or 200 Hz, pulse width 160 µs,
burst duration at 100 ms, charge density

6.1 µC/cm2

Jobst et al., 2017

- - 0.5–12 mA, pulse width 40–1,000 µs, 333 Hz Matias et al., 2019

tDCS Surface (scalp)
electrode

Rubber 2 mA, 20 min. Im et al., 2019;
Khedr et al., 2019

ICMS Bed-of-needles
(Utah)

microelectrode array

Sputtered
IrO2

(SIROF)

14–64 µA, 200 µs cathodic pulse width, 100 µs
interphase interval and 400 µs charge balanced

anodic pulse width, 100 Hz

Flesher et al., 2021

- - 6–100 µA, 200 µs cathodic pulse width, 100 µs
interphase interval and 400 µs charge balanced

anodic pulse width, 25–300 Hz

Flesher et al., 2016

- - 20–100 µA, 200 µs cathodic pulse width, 53 µs
interphase interval and 200 µs charge balanced

anodic pulse width, 50–350 Hz

Salas et al., 2018

modalities are mentioned here for completeness and to provide
a wider overview.

Macrostimulation devices
Deep brain stimulation

Deep brain stimulation (DBS) is an invasive
neuromodulation technique that involves a surgical procedure
to implant a stimulating electrode to a targeted brain region
with a subcutaneously implanted pulse generator (Amon
and Alesch, 2017; Lozano et al., 2019). DBS has successfully
treated and/or managed negative symptoms for patients with
essential tremor (Nazzaro et al., 2013), Parkinson’s disease
(Deuschl et al., 2006), dystonia (Miocinovic et al., 2013),
obsessive disorder (Wu H. et al., 2021), epilepsy (Wu Y. C. et al.,
2021), and chronic pain (Boccard et al., 2015). Globally, over
160,000 patients have undergone DBS treatment for several
neurological conditions, with an increasing number of patients
undergoing the procedure every year (Lozano and Lipsman,
2013). Clinical DBS leads have a variety of configurations,
with one popular configuration having a diameter of 1.27 mm,
a polyurethane outer jacket and four cylindrical or “ring
shaped” electrode contacts. The conducting electrode surface
is made of platinum-iridium (Pt/Ir) with a length of 1.5 mm
and a surface area of ∼6 mm2 (Buhlmann et al., 2011). The
large surface area typical of DBS electrodes puts them in the
category of macroelectrodes as opposed to microelectrodes.
The advantage of macroelectrodes is primarily in their ability to
drive electrical changes to larger volumes of tissue (Butson and
McIntyre, 2006). While this electrode design is less targeted, it is

well-suited to generating a therapeutic effect in the subcortical
nuclei of the basal ganglia which are the regions typically
targeted by DBS.

Responsive neurostimulation

Responsive neurostimulation (RNS) is a brain-responsive
neurostimulation system approved by the FDA to manage
drug resistant seizures, which make up about 30–40% of the
total number of patients with epilepsy. Nair et al. (2020)
published a 9-year prospective study on the efficacy and safety
of RNS for focal epilepsy and reported the median reduction
in seizure frequency to be 75%. Stimulation was well-tolerated,
and adverse events were similar to other neurostimulation
devices. RNS is a closed-loop brain responsive neurostimulator.
Unlike DBS, the RNS system includes a cranially implanted
neurostimulator. Stimulator units can power both depth leads
(1.27 mm diameter, 2 mm length, 0.08 cm2 surface area, Pt/Ir)
and cortical strip leads (3.175 mm diameter, 0.08 cm2 surface
area, Pt/Ir) depending on the epileptogenic loci being targeted
(Jobst et al., 2017). Each lead typically contains four electrode
contacts. Via these contacts, the electrocorticographic (ECoG)
signal is continually monitored and the device is programmed
by the physician to deliver stimulation in response to defined
patient specific ECoG patterns which are determined by the
physician to be predictive of a seizure. Stimulation parameters
can also be adjusted by the physician to achieve the best seizure
suppression. This closed-loop stimulation paradigm could have
potential benefits compared to continuous stimulation, and it
will be interesting to see how this technology develops.
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Spinal cord stimulation

Spinal cord stimulation (SCS) is an invasive technique that
can be used for the management of chronic pain. The SCS pulse
generator is placed subcutaneously, and leads are placed in the
spinal cord where electrical stimulation is delivered. However,
as many as 30% of SCS patients fail to obtain long-term pain
relief (De La Cruz et al., 2015). The electrode material used
for spinal cord stimulation is the same as that used in DBS
and RNS. A common lead construction is a paddle shaped lead
with evenly spaced oval or circular electrode contacts in several
rows, typically three or more, coming in close contact with the
spinal cord once implanted, with contact sizes on the order
of millimeters (Nitsche and Paulus, 2001; Fregni et al., 2005;
Gandiga et al., 2006; Oakley et al., 2006; Boggio et al., 2007;
Nitsche et al., 2008; DaSilva et al., 2011; Bennabi and Haffen,
2018; Milighetti et al., 2020; Solomons and Shanmugasundaram,
2020; Rigoard et al., 2021).

Microstimulation devices
Intracortical microstimulation

Intracortical microstimulation (ICMS) delivers small
amounts of current through arrays of closely spaced
microelectrodes implanted in the cortex, which enables
the partial restoration of tactile sensation (Flesher et al.,
2016, 2021; Schiefer et al., 2016; Salas et al., 2018) and visual
perception (Murphey et al., 2009; Foroushani et al., 2018;
Fernández et al., 2021). It is beneficial for achieving dexterous
prosthesis control for humans with sensorimotor dysfunction
(Fifer et al., 2020). ICMS employs microelectrodes with
geometric surface areas typically less than 5,000 µm2 (Cogan
et al., 2009; Wark et al., 2013; Pancrazio et al., 2017). The
small electrode size enables high spatial selectivity which may
allow for a wider range of stimulation parameters, evoking
a wider range of perceived sensation in patients. The surface
coating material for stimulating microelectrodes is typically
a sputtered iridium oxide film, although other materials are
also being tested, summarized by Zheng et al. (2021a) in
a recent review.

Non-invasive neurostimulation devices
utilizing direct current stimulation

Although non-invasive neuromodulation of the CNS is
being explored in a variety of paradigms, we will narrow our
focus in this review to transcranial direct current stimulation
(tDCS) as this is the most heavily studied. tDCS employs
direct current stimulation and utilizes electrodes which are
orders of magnitude larger than those used in implanted
devices. One important consideration when it comes to non-
invasive neurostimulation is the role of the intervening non-
neuronal tissue.

Transcranial direct-current stimulation
Transcranial direct-current stimulation (tDCS) is a non-

invasive form of electrical stimulation which delivers direct
current of amplitudes in the range of 0.5–4 mA via electrodes
placed on the scalp. While it has been shown in research
to be effective for the treatment of depression (Bennabi and
Haffen, 2018) and pain (O’Connell et al., 2018), it has not yet
been approved as a treatment by the FDA. Direct current is
delivered through scalp electrodes, which does not generate
action potentials (Milighetti et al., 2020) but does lead to changes
in excitability (Nitsche and Paulus, 2001). Anodal (positive)
current has been shown to enhance motor cortex excitability,
whereas cathodal (negative) current can reduce excitability
(Nitsche et al., 2008). Important parameters include current
densities, stimulation duration, electrode size, and electrode
shape, which determine the safety of the brain stimulation.
Most studies reported a current density between 0.029 and
0.08 mA/cm2, electrode size between 25 and 35 cm2 with a
stimulation current of 1–3 mA for a duration of 20–30 min
(Nitsche and Paulus, 2001; Fregni et al., 2005; Gandiga et al.,
2006; Boggio et al., 2007; Solomons and Shanmugasundaram,
2020). Additionally, most studies utilized conductive rubber or
metal electrodes that are embedded in a sodium chloride-soaked
sponge (typically between 15 and 140 mM NaCl) (DaSilva
et al., 2011). A comprehensive overview of the various tDCS
stimulation protocols can be found elsewhere (Nitsche et al.,
2008; Solomons and Shanmugasundaram, 2020).

Despite the clinical success of many electrical
neurostimulation techniques, there are still challenges that
require additional investigation. These challenges can be
categorized into (1) charge injection limit, (2) material stability,
and (3) tissue health and function. These issues are reviewed in
detail by Merrill et al. (2005), Cogan (2008), and Zheng et al.
(2021a). Investigation into the effects of electrical stimulation
has been largely focused on neurons, with less emphasis on the
roles that non-neuronal cells play. Understanding the response
of non-neuronal cells to electrical stimulation will likely provide
key insights into the overall biological response to electrical
stimulation of the CNS, leading to more stable and effective
interfaces for neural stimulation.

Response of neurons and
non-neuronal cell types to
electrical stimulation

Response of neurons to electrical
stimulation

We will first discuss neurons as these are generally the
primary cells of interest in studies of electrical stimulation.
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Although they are not the focus of this review, what is known
about their response to electrical stimulation will provide
context and background for understanding the response of
non-neuronal cells to electrical stimulation.

Neurons
Neurons play the primary role in conducting electrical

signals in the nervous system. Many studies have investigated
the effect of various types of electrical stimulation on neurons,
finding that the responses of neurons are highly modulated
by the properties of the electrical field to which they are
subjected (Florence et al., 2009; Aberra et al., 2018; Varoli
et al., 2018; Jakobs et al., 2019). DBS and ICMS utilize pulsatile
stimuli which are effective at eliciting action potentials by
depolarizing neurons via the action of voltage-gated sodium
channels (McIntyre and Anderson, 2016). The most likely
compartment of neurons to be activated by electrical stimulation
are the axon terminals due to the higher density and lower
activation threshold of voltage-gated ion channels than those
present in the soma (Aberra et al., 2018).

Deep brain stimulation
Under high-frequency (HF) DBS, neurons first exhibit

altered firing patterns, with action potentials in axons becoming
entrained to the stimulation frequency. DBS primarily affects
axons, instead of dendrites or the cell bodies. This leads to
both excitatory and inhibitory effects of DBS on neuronal
activity. The net effect of these complex changes is that DBS
leads to a depolarization block in neurons in the target region,
preventing the regular firing of action potentials, however, due
to the unstable nature of these interactions, periodic release
from depolarization block and bursts of action potentials have
been observed. All these factors in turn influence the behavior
of the network to produce the therapeutic effect. These short-
term electrophysiological effects are followed by alterations
in neurotransmitter release and changes in the expression
of various proteins such as c-Fos, VEGF, BDNF, GAP-43,
synaptophysin and α-synuclein, some of which can take days or
weeks to manifest (Delaville et al., 2011; Vedam-Mai et al., 2012;
Jakobs et al., 2019).

Intracortical microstimulation
In ICMS, a smaller region of neurons around each

electrode contact is stimulated to fire action potentials. Thus,
the application of programmed timing and patterning of
stimulation parameters to each electrode contact individually
can produce a spatially and temporally resolved sensory percept
(Parker et al., 2011). A study on the safety of chronic ICMS
performed in feline cortex found that damage to neurons was
related to the interaction between charge density and charge
per phase. Tissue was stimulated at a range of parameters, from
800 to 1,600 µC cm−2, 52 to 104 nC ph−1, 130 to 260 µA for
7 h. They did not find evidence of damage to glia; however,

they were primarily concerned only with neurons and used
Nissl and H&E staining which could limit their ability to detect
changes to glia (McCreery et al., 1990). Another study in non-
human primates stimulated the cortex for 4 h per day, 5 days
per week, for 6 months at amplitudes of 10–100 µA, with
pulse train durations of 1 or 5 s, and duty cycles of 33–100%.
Based on blinded grading of the post-mortem histology, they
concluded that while there was considerable damage to the
cortical tissue, there was no additional detectable effect from
ICMS at the stimulation parameters used in their study. These
results suggest that there may be an optimal range of stimulation
parameters which can induce reliable activation of neurons
and is low enough that it does not lead to excessive death or
damage to neurons around the site of stimulation (Rajan et al.,
2015). There are, however, limitations to these studies, such as
having only a single timepoint of assessment and the nearby
placement of electrodes in different conditions which may
confound the results if the effects of stimulation are widespread,
as well as the fact that gross morphology and/or total cell
count were evaluated, rather than the distribution and structure
of cells surrounding stimulated electrodes. Therefore, further
work on understanding the response of neurons to electrical
stimulation should be conducted using new technologies such
as multiphoton imaging techniques to image the response of live
brain tissue in real time at cellular resolution. These techniques
have been refined and their utilization provides insights into the
effects of electrode implantation on many aspects of the tissue
response such as microglia morphology and behavior, neuronal
morphology and activity, and changes to the vasculature and the
blood brain barrier (BBB) (Kozai et al., 2012, 2016; Eles et al.,
2018, 2019; Michelson et al., 2018; Yang et al., 2021; Zheng et al.,
2021b). These techniques have been adapted to study changes
induced by electrical stimulation that are separate from those
induced by the implantation of the electrode itself (Zheng et al.,
2021b). More studies along these lines are needed to develop a
complete picture of the way electrical stimulation influences the
different cell types of the brain over time in vivo under different
stimulation parameters.

Transcranial direct current stimulation
The effects of tDCS on neurons have been investigated via

both experimental and modeling studies (Denoyer et al., 2020).
tDCS does not directly trigger action potentials but modulates
neuronal excitability by shifting the resting membrane potential
(Milighetti et al., 2020). In general, anodal tDCS is found to be
excitatory while cathodic is found to be inhibitory, although this
may vary by brain region (Varoli et al., 2018). At the cellular
level, the stimulation effects depend on cell morphology and the
electrical field direction (Chung et al., 2020). In mice, anodal
DCS has been reported to increase spine density and induced
structural synaptic plasticity in the cortex when paired with
an external stimulus in a BDNF dependent manner (Gellner
et al., 2020). A reduction in the number of neurons in the
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stimulated area of cortex was seen in mice stimulated with
tDCS at a high charge density of 198 kC/m, accompanied by
an increase in neurogenesis in the subventricular zone based
on DCX staining (Pikhovych et al., 2016). tDCS also led to
an increase in mRNA levels of proteins that play a role in
synaptogenesis and axonal development and regeneration such
as BDNF, Synapsin I, calcium/calmodulin-dependent protein
kinase type II (CaMKII), CREB and c-FOS as measured by
RT-qPCR analysis in rats stimulated daily for 7 days. In an
in vitro hippocampal slice study, applying direct current during
plasticity induction boosted the extent of long-term potentiation
(LTP) (Kronberg et al., 2020). It also triggered alterations in
postsynaptic membrane potential during endogenous synaptic
activity, although it’s unclear how comparable these findings are
to stimulation conditions used in human patients.

Response of non-neuronal cells to
electrical stimulation

This review focuses primarily on what is known of the effects
of different electrical stimulation paradigms on non-neuronal
cell types. While some forms of non-invasive neural stimulation
are employed, invasive neuromodulation necessarily requires
the implantation of an electrode device into the brain which
triggers a cascade of foreign body responses that activate
microglia and astrocytes, while damaging oligodendrocytes and
the integrity of the BBB (Salatino et al., 2017). While not the
focus of this review, it is important to understand the effects
electrode implantation has on neural tissue to understand the
importance of differentiating these changes from those induced
by electrical stimulation. We will briefly discuss what is known
of the response of cells upon device implantation as this is the
context in which the response to electrical stimulation occurs.
Upon device implantation, microglia are immediately activated
and produce a variety of inflammatory molecules which signal
monocytes and astrocytes, recruiting them to the site of the
implant. Activated microglia and blood-derived macrophages
persist at the periphery of implants for the duration of
implantation and are surrounded by a dense accumulation of
astrocytes, frequently referred to as the glial scar (Woeppel et al.,
2017). Responses of different non-neuronal cell types to different
prominent stimulation modalities discussed in this review are
summarized in Table 2.

Microglia and astrocytes
Microglia are the resident immune cells of the CNS

(Kettenmann et al., 2011) and exist in the healthy CNS in
an inactive and ramified state with a round cell body and
extensive processes that survey their surrounding environment
constantly (Nimmerjahn et al., 2005). Upon injury of the
CNS, microglia are the first cells to respond and adopt an
activated amoeboid morphology, followed by cell proliferation,

migration, and encapsulation of the damage site (Sofroniew and
Vinters, 2010; Kozai et al., 2012). Biran et al. (2005) showed
that chronic implantation significantly increased the density of
activated microglia as early as 24 h after implantation and that
the high microglia density continued for the entire implantation
period. Kozai et al. (2012) used in vivo two-photon microscopy
to study microglia behavior in real-time during and immediately
after the implantation of a neural probe. Upon implantation,
microglial cells directly adjacent to the inserted probes extended
their processes toward the probe at a rate of (1.6 ± 1.3) µm
min−1 for 30–45 min without significant cell body movement
over the first 6 h after the probe implantation. Six hours after
probe implantation, 50% of the microglia within 130.0 µm
of the probe surface showed morphological characteristics of
transitional stage (T-stage) activation, generating limited new
processes that rapidly extended while most were withdrawn
(Kozai et al., 2012; Robin et al., 2018; Borrachero-Conejo et al.,
2019; Chen et al., 2021).

Astrocytes are a subtype of glial cells within the CNS. They
have a star-shaped morphology, and their processes surround
both neuronal synapses and blood vessels. They play a key role
in the homeostasis of glutamate, various ions such as Ca2+,
K+, and water, and defend against oxidative stress, assist in scar
formation, and tissue repair (Sofroniew and Vinters, 2010). They
have also been shown to have a critical role in inhibitory signal
transmission (Robin et al., 2018; Chen et al., 2021). In a study
of electrical stimulation by organic cell-stimulating and sensing
transistors, stimulation elicited an intracellular Ca2+ increase
in astrocytes, hinting at a more active response to electrical
stimulation (Borrachero-Conejo et al., 2019). Astrocytes are
also involved in the response to injury. Following the initial
microglia response, they are recruited to the site of implantation
and respond by increasing in size and an upregulation of GFAP
intermediate filament protein, a hallmark of astrocyte activation,
as well as releasing factors which contribute to promoting the
ongoing foreign body response. They eventually form a dense
layer of cells which surround the device by typically 4–6 weeks
post implant and create a barrier between electrode sites and
surrounding neurons (Vedam-Mai et al., 2011; Kozai et al., 2015;
Malaga et al., 2015; Salatino et al., 2017).

Deep brain stimulation

The therapeutic effect of DBS is likely influenced by several
mechanisms including local and network-level electrical and
neurochemical changes, modulation of oscillatory activity,
synaptic plasticity, neuroprotection, and neurogenesis
(Herrington et al., 2016). Due to the growing recognition
of the importance of microglia and astrocytes in these processes,
studying their responses to DBS is becoming an active area
of investigation.

Vedam-Mai et al. (2016) performed a comparative study
on the tissue response to DBS and demonstrated a reciprocal
relationship of microglia and neural precursor cells in the
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TABLE 2 Summary of the major effects of electrical stimulation on non-neuronal cells for the modalities addressed.

Cell type Function ES
modality

Morphological effects Biochemical/Molecular
effects

References

Microglia *Native immune
cells of the central

nervous system

DBS *Transition to amoeboid morphology
*Increased phagocytosis

*Hypertrophy

Alterations in neurotransmitter
release, protein expression, and

receptor dynamics after DBS can
have network and biochemical

effects on microglia via
neuron-microglia crosstalk

Vedam-Mai et al.,
2016; Jakobs et al.,

2019

tDCS *Align parallel to the electrical field
*Increased ramified morphology, motility, and

increased phagocytic function
*Hypertrophy and decreased surveillance

*Cathodal stimulation supports
M1-polarization

*Increased markers of inflammation such as
TNF-alpha and interleukins

*Increased BDNF expression,
promoting synaptic plasticity

*Increased activation of
pro-inflammatory and

anti-inflammatory phenotypes
*Increased expression of COX-2,

iNOS and PGE2

Braun et al., 2016;
Gellner et al., 2016,

2021; Mishima et al.,
2019; Korai et al.,

2021

ICMS *Decreased proliferation *Increased trophic factors Baba et al., 2009

Astrocytes *Axon guidance and
synaptic support

*Control of BBB and
blood flow

DBS *Activation
*Reactive gliosis
*Hypertrophy

*Release of neurotransmitters and
neuromodulators

*Increased hypermorphic reactive astrocytes
thought to alter neuronal signaling

*Astrocyte mediated alteration of cerebral
blood flow

*Enhanced intracellular Ca2+ and
release of gliotransmitters
*Release of extra−synaptic

glutamate which triggers local
Ca2+ response facilitated through

mGluR5
*Downregulation of astrocytic

metabolism while promoting the
secretion of matricellular proteins

*Release of glutamate and ATP, both
of which modify neuronal networks

Vedam-Mai et al.,
2012; Fenoy et al.,

2014

tDCS *Protrusion elongation appears at low field
strength

*Align perpendicular to the electrical field at
high field strength

*Increased Ca2+ which promotes
cortical plasticity

*Increased synaptic transmission
via increased intracellular Ca2+

Pelletier et al., 2014;
Monai et al., 2016;

Mishima et al., 2019

ICMS *Increased activation in a central pain
syndrome model

*Decreased activation in an ischemic stroke
model

*Increased trophic factors Baba et al., 2009; Cha
et al., 2020

Oligo-
dendrocytes

*Myelin production
*Metabolic support
to myelinated axons

DBS *High frequency stimulation leads to increased
proliferation and differentiation of

oligodendrocyte precursor cells

- Nagy et al., 2017

tDCS *Cathodal stimulation recruits
oligodendrocyte precursors to the lesion site in

focal cerebral ischemia and increases the
proliferation of oligodendrocyte precursor

cells

- Braun et al., 2016

ICMS *Increased oligodendrocyte differentiation,
maturation, and myelination

- Lee et al., 2017

presence of acute high-frequency stimulation. Specifically, they
found a significantly higher density of ameboid microglia in
the STN of rats who did not receive DBS (no stimulation or
lesion only) compared to those that received DBS. Meanwhile,
there was a significant increase in neural progenitor cells
in the stimulated animals (Vedam-Mai et al., 2016). In
addition, HF-DBS might also lead to an increase in the
proliferation of neurogenic astrocytes, which can differentiate
into neurons (Vedam-Mai et al., 2012). These findings suggest
that electrical stimulation in the context of DBS may have an
anti-inflammatory effect on microglia and lead to an increase

in the proliferation of cells around the stimulating electrodes.
These findings are corroborated by observations in human
postmortem PD tissue which demonstrated reduced activation
of microglia in the STN of high frequency DBS cases compared
to cases in which DBS was not received. These observations
suggest a potential reduction in neuroinflammation as a result
of electrical stimulation of the STN. Another group found
a significant upregulation of an angiogenic factor, vascular
endothelial growth factor (VEGF), and downregulation of
inflammatory processes in STN-DBS PD patients compared
to non-DBS PD patients (Pienaar et al., 2015). This evidence
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suggests that microglia may play a critical role in the
mechanisms underlying the therapeutic effects of DBS.

In vitro high frequency stimulation of cultured astrocytes
from PD model rats, using stimulation parameters that
mimicked in vivo DBS, resulted in decreased levels of NF-
κB in the cultured astrocytes. Additionally, high frequency
stimulation inhibited IκB-α (an NF-κB cytoplasmic inhibitor
protein) deterioration and hindered TNF-α-prompted NF-
κB activation and p65 nuclear translocation, supporting an
anti-inflammatory role for high frequency stimulation (HFS)
in astrocytes in a PD rat model (Campos et al., 2020).
Therefore, high frequency DBS potentially acts as a barrier
to neuroinflammation by managing NF-κB levels through a
direct effect on astrocytes. Figure 1 illustrates the various
impacts of DBS, including inhibitory and excitatory effects
on neuronal populations along with changes in astrocyte and
microglia activation.

Intracortical microstimulation

In ICMS, small electrical currents are delivered into
the intracortical space of the brain. The delivery of ICMS
requires the implantation of an electrode device into the

cortex, which triggers the foreign body response and induces
microglial activation. An increasing number of studies are
investigating the effect of electrical stimulation of the cortex
on microglia and overall brain health. Baba et al. (2009)
characterized the effect of electrical stimulation on cerebral
ischemia and found neuroprotective properties of electrical
stimulation in a rat model of acute stroke. Specifically,
they found that cortical stimulation prevented the ischemia-
associated increase in apoptotic cells in the injured cortex by
activating anti-apoptotic cascades through the phosphoinositide
3-kinase pathway compared to the uninjured cortex. As a
result, electrical stimulation of the ischemic brain promoted
angiogenesis and reduced microglia proliferation, resulting in
reduced infarct volumes, and improved functional recovery
(Baba et al., 2009). In a study of central pain syndrome in a
rat model, electrical stimulation in the motor cortex modulated
the activity of astrocytes in zona incerta, which they found
to be decreased in central pain syndrome rats but recovered
to control levels with motor cortex stimulation. This suggests
that electrical stimulation of glia could have far reaching
effects projecting to brain areas outside the stimulated region
(Cha et al., 2020).

FIGURE 1

Electrical and cellular effects of deep brain stimulation (DBS): High frequency DBS causes axonal action potentials and depolarization of
inhibitory and excitatory fibers projecting to target neurons (a) and induces release of neurotransmitters (b). In response to stimulation, activated
astrocytes release calcium (c), gliotransmitters and trophic factors (e). Increased calcium from activated astrocytes also triggers
neurotransmitter and gliotransmitter release (d) which can modulate synaptic transmission. DBS causes subsequent release of the inhibitory
transmitter γ-aminobutyric acid (GABA), and a depolarization block which causes reduced activity in neuronal cell bodies (f). Stimulation can
also generate synaptic plasticity changes, which can lead to long term potentiation (g). DBS induces an activated ameboid morphology in
microglia and an upregulation of cytokines is observed (h). Boxed panels indicate effects on non-neuronal cell types (Hamani and Temel, 2012;
Jakobs et al., 2019; Lozano et al., 2019).
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Transcranial direct current stimulation

Transcranial direct current stimulation delivers a relatively
weak electrical field to a large volume of tissue through non-
invasive scalp electrodes, which is thought to induce changes
in neural excitability. In vitro studies of glia exposed to direct
current electric fields show that in response to higher intensity
fields, astrocytes align perpendicularly to the applied electric
field, while microglia generally respond to the electric fields
by changing morphology or expression of neuroinflammatory
markers. For example, increased pro-inflammatory COX-2
production was found in microglia exposed to a 100 mV/mm
electric field (Pelletier et al., 2014). The main limitation of
relating direct current stimulation experiments performed in
cell culture to tDCS paradigms used in humans is that the
stimulation parameters do not align well. In this study the
maximum field strength used of 100 mV/mm is approximately
100 times higher than what is used in humans, and this is typical
of many in vitro studies of direct current stimulation. In vitro
assays also generally do not consider that the applied voltage
will be much attenuated after passing through the scalp and
skull. In vivo direct current stimulation in mouse sensory cortex
indicated that tDCS directly affects astrocytes as indicated by
an almost immediate increase in astrocytic Ca2+, which could
be a driver of tDCS-mediated LTP (Monai et al., 2016). In this
in vivo study, like in many tissue culture studies, the electric
field strength was over 50 times higher than that typically used
in humans. Voltage sensitive transporters, ion channels and gap
junction coupling are a few of the important factors implicated
in the observed voltage-dependent effects of DCS on astrocytes,
however it is unclear to what extent these factors are present at
the relatively lower current densities used in humans (Gellner
et al., 2016). Future in vitro and in vivo studies must attempt to
employ electrical field parameters that more closely mimic what
brain tissue is experiencing under stimulation parameters used
in humans in order to more accurately inform the therapeutic
efficacy of tDCS.

In an ischemic stroke mouse model, cathodal tDCS was
delivered (55.0 A/m2) 30 min after middle cerebral artery
occlusion. Subsequently, an acute decrease in Iba1 and CD45
positive cells in the injured region was observed compared
to sham treated animals (Peruzzotti-Jametti et al., 2013).
Iba1 expression is associated with microglial activation in the
ischemic brain (Ito et al., 2001). Another study investigated
the effects of cathodal and anodal tDCS and discovered an
early upregulation of Iba1 positive activated microglia in both
groups. However, after 10 days of cathodal tDCS, a 60%
increase in the endogenous proliferating neural stem cells
was observed, alluding to the capability of cathodal tDCS to
mobilize stem cells and prompt their multiplication, thereby
potentially conferring a neuroprotective effect as a result of
stem cell mobilization (Rueger et al., 2012). This effect was
absent in the anodal and sham tDCS groups, indicating the
potential benefits specific to cathodal tDCS for the treatment

of stroke patients. Another study investigated the effects of
anodal tDCS on microglial morphology and mobility in awake
mice and discovered increased soma enlargement as well as a
reduction in microglial motility. They also showed the influence
of noradrenaline in tDCS by depleting noradrenergic cells in the
locus coeruleus using the selective toxin DSP4. In these mice,
there was no effect of tDCS on the cell morphology of microglia
(Mishima et al., 2019). For a detailed review of the effects of
tDCS on cellular and inflammatory pathways, see Pelletier and
Cicchetti (2014).

Oligodendrocytes
Oligodendrocytes are a type of glial cell that are produced

from oligodendrocyte precursor cells (OPCs). One of their
significant roles is to provide axons with insulation for
efficient signal transduction. Myelinating oligodendrocytes
enwrap neuronal axons with myelin, providing electrical
insulation which can dramatically increase the speed of nerve
impulse propagation (Bradl and Lassmann, 2010). One study
investigated the effect of stimulating the corpus collosum
through 25 µm platinum wire microelectrodes at different
stimulation frequencies on the subsequent proliferation and
differentiation of oligodendrocytes. They found that stimulation
at 5 Hz was more effective in promoting differentiation of
OPCs into oligodendrocytes, while stimulation at 25 Hz led to
increased proliferation of OPCs. Based on caspase staining, their
stimulation paradigm did not induce cell death in the corpus
callosum. In the same study, using slice electrophysiology, they
also found that stimulation frequency influenced the quantity
and timing of glutamate release at the neuron-OPC synapse,
suggesting that OPCs may respond differentially to different
firing patterns of neurons and by this mechanism myelination
may be tuned (Nagy et al., 2017).

In a rat stroke model, tDCS resulted in accelerated
functional recovery via multiple cellular mechanisms including
the recruitment of OPCs. The study indicated that both
anodal and cathodal tDCS accelerated functional recovery and
that following cathodal tDCS delivery, the oligodendrocyte
precursors were observed to migrate toward the injury site,
while microglia underwent M1 polarization. Their results
corroborate the findings of Miron et al. (2013), which showed
that M1-macrophages dominate early after demyelination
and support proliferation and migration of oligodendrocyte
precursors, while a later M2-polarization can induce the
terminal differentiation of the precursors into mature
oligodendrocytes (Braun et al., 2016). Studying the effects
of several types of stimulation on migration and proliferation of
oligodendrocytes and their relationship with other glial types as
well as neurons is an active field of research, which can better
inform the delivery of stimulation parameters to drive desired
functional outcomes. For an in-depth review of the role of
OPCs and oligodendrocytes in central nervous system insult,
see Wellman et al. (2018).
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Endothelial cells and the blood brain barrier
Endothelial cells (ECs) line the blood vessels and in the

brain, ECs form tight junctions, and along with basement
membrane, glial membrane, and projections of astrocytes make
up the blood brain barrier. The BBB is the barrier between
the cerebral capillary blood and the interstitial fluid of the
brain (Wolburg et al., 2009). The vascular blood-brain barrier
is comprised primarily of highly specialized brain endothelial
cells (BECs) which modulate the flow of substances into and out
of the brain. The BBB modulates neuroimmune communication
through several complex pathways, which can be categorized as
(1) modulation of BBB permeability, (2) immune regulation of
BBB transporters and release of signaling molecules, (3) immune
cell trafficking. These specialized brain endothelial cells also help
to regulate the functions of other resident brain cells such as
astrocytes, neurons, microglia, and oligodendrocytes (Erickson
and Banks, 2018). BBB disruption is implicated in central
nervous system disorders such as epilepsy, multiple sclerosis,
PD, and Alzheimer’s disease (Farkas and Luiten, 2001; van Vliet
et al., 2007; Pienaar et al., 2015; Erickson and Banks, 2018), as
well as others. Understanding its function and dysregulation
upon insult is of particular importance for understanding the
response to brain interfacing devices, as invasive neural implants
necessarily involve disruption of the BBB. It is thus critical to
study the effect of therapeutic stimulation on the BBB and brain
endothelial cells to understand how their function is affected
and may help improve recovery upon device implantation or in
specific disease states.

While the focus of this review is on the response to
electrical stimulation as distinct from device implantation, we
will summarize key findings related to the effects of device
implantation, traumatic injury and disease as they relate to
endothelial cells and the BBB here in order to highlight the
importance and difficulty of disentangling these effects from
the response to electrical stimulation when it comes to brain
implanted devices. Specifically, it has been shown that the
implantation of DBS electrodes does induce the mechanical
breakdown of the BBB, which can intensify the inflammatory
response and negate some of the benefits from stimulation
(Kim et al., 2013). These difficulties are particular to invasive
stimulating devices as in these cases stimulation will be acting
on tissue injured by the device implantation itself, whereas non-
invasive stimulation (e.g., tDCS) will be acting on uninjured
tissue, although often under the influence of a disease state and
not in a healthy brain.

Deep brain stimulation

Several studies investigating the involvement of BBB
disruption in epileptic seizures have demonstrated that BBB
breakdown may induce seizures and, conversely, seizure-
induced BBB breakdown may cause further epileptic episodes
(van Vliet et al., 2007). Albumin extravasation is one of
the effects of increased BBB permeability, which can trigger

neuroinflammation (Cacheaux et al., 2009; Ralay Ranaivo and
Wainwright, 2010) and is implicated in disorders such as
epilepsy. Deep brain stimulation of the anterior nucleus of the
thalamus, which is involved in the spread of localized seizures,
was shown to reduce albumin extravasation in epileptic rodents
(Hamani and Temel, 2012; Kim et al., 2013; Chen et al., 2017;
Jakobs et al., 2019; Lozano et al., 2019).

Intracortical microstimulation

Changes induced in the BBB and endothelial cells have
mostly been studied in the context of implantation trauma
caused by the mechanical insertion of microelectrodes and
the subsequent effect of this BBB breach on device function
(Saxena et al., 2013). We will briefly summarize these effects
here before delving into what is known regarding electrical
stimulation in this context. Acutely, device implantation
causes a physical breach in the BBB which prompts the
release of neurotoxic serum proteins such as albumin and
fibronectin, pro-inflammatory cells, and cytokines that lead
to neurodegeneration and cell death. Additionally, the release
of these blood-serum proteins provokes the activation of the
adjacent microglia and astrocytes (Salatino et al., 2017). One
study found that the gene expression levels for tight junction and
adherent junction proteins were reduced after microelectrode
implantation and linked to persistent BBB breakdown (Bennett
et al., 2018). In the chronic stage, further neuron loss and
an increase in activated microglia and astrocytes takes place
in the surrounding tissue, leading to gliosis. Additionally,
cytokines and reactive oxygen and nitrogen species (ROS and
RNS) released by microglia lead to neuroinflammation that
decreases electrode performance. Intracortical microelectrode
implantation prompts the overproduction of ROS and
encourages neuronal impairment (Ereifej et al., 2018).

Regarding microstimulation, there is a shortage of studies
investigating the mechanisms through which electrical
stimulation can directly induce changes in the BBB and
endothelial cells. One feline study reported evidence that
electrical stimulation of the cortex induced BBB permeability
changes above a charge injection threshold of 0.45 µC/phase
for prolonged periods (36 h of stimulation), but that the BBB
damage appeared to heal 1 month after stimulation (Pudenz
et al., 1975). This suggests that microstimulation can indeed
affect BBB permeability, although the exact mechanisms are
not yet fully understood. Another study, which employed
bipolar stimulation using coaxial electrodes placed in the
locus coeruleus, found that stimulation induced an increase
in BBB permeability, which was likely due to the release
of noradrenaline as it was blocked by the administration
of adrenergic receptor blockers (Sarmento et al., 1994).
This further suggests that changes to the BBB induced by
microstimulation may vary with the brain regions being
stimulated, and the neurotransmitters involved. The paucity of
data on the subject highlights the need for further research in

Frontiers in Neuroscience 10 frontiersin.org

https://doi.org/10.3389/fnins.2022.967491
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-967491 September 13, 2022 Time: 14:48 # 11

Williams et al. 10.3389/fnins.2022.967491

this area (Saxena et al., 2013; Salatino et al., 2017; Bennett et al.,
2018; Ereifej et al., 2018).

Transcranial direct current stimulation

Release of VEGFs and nitric oxide have been demonstrated
to be the direct impacts of electrical stimulation on endothelial
cells (Zhao et al., 2004; Peruzzotti-Jametti et al., 2013). One
study indicated that DCS can regulate water permeability in
an in vitro BBB model via electroosmosis (Cancel et al., 2018).
DCS of cultured endothelial cells with a current range and
duration of 0.1–1 mA and 20 min significantly and transiently
increased the solute permeability of the BBB. Anodal tDCS
can intensify cortical hemorrhage and provoke injury to the
BBB when used to treat ischemia (Peruzzotti-Jametti et al.,
2013). Secretion of noradrenaline increases astrocytic Ca2+ and
gliotransmitter release. Both anodal and cathodal tDCS cause a
decrease in GABA release, resulting in a reduction in inhibition.
tDCS increases the number of activated microglia which secrete
cytokines that cause neuroinflammation, although under certain
conditions it has been shown to have an anti-inflammatory effect
(Figure 2; Peruzzotti-Jametti et al., 2013; Pelletier and Cicchetti,
2014; Monai and Hirase, 2018; Mishima et al., 2019).

Electrical stimulation induced molecular
changes

Electrical stimulation has been shown to modulate cellular
activity by changing downstream signaling pathways such
as MAPK-ERK1/2 and PI3K/Akt which are responsible for
cell migration, survival, and growth (Chen et al., 2019).
Furthermore, chronic electrical stimulation also leads to an
elevation in Janus kinase-signal transducer and activator
of transcription (JAK/STAT) signaling, which is critical for
cytokine/chemokine signaling (Zareen et al., 2018). Another
study demonstrated increased c-Fos in brain regions including
cingulate cortex, posterior hypothalamus, and subiculum
following DBS (Gimenes et al., 2019). Microstimulation of
sensorimotor cortex also leads to the expression of c-Fos and
c-Jun in the striatum (Parthasarathy and Graybiel, 1997). Like
DBS and microstimulation, continuous A-tDCS exposure in the
cortex also increased c-Fos mRNA levels (Kim et al., 2017). STN-
HFS for 3 h in a PD rodent model has been shown to modulate
the expression of the tyrosine hydroxylase gene, a key enzyme
in dopamine synthesis. The therapeutic effects of HFS–DBS are
also supported by a downregulation of CaMKIIa and Homer1,
a protein associated with glutamate neurotransmission. This

FIGURE 2

The type of stimulation determines the modulatory effect of transcranial direct current stimulation (tDCS). Anodal stimulation depolarizes the
neuronal membrane and enhances neuronal excitability. Cathodal stimulation hyperpolarizes the neuronal membrane and reduces neuronal
excitability. Anodal tDCS exacerbates bleeding and damage to the blood-brain barrier following ischemic injury. (a) tDCS activates
noradrenergic fibers that release noradrenaline, increasing (b) astrocytic Ca2+ levels and release of gliotransmitters (c). Decreased GABA release
by both anodal and cathodal tDCS results in decreased inhibition (d). Activated microglia release cytokines that cause inflammation and result in
axonal degeneration (e). Anodal tDCS is involved in increasing dendritic spine density (f). tDCS also leads to change in neuronal
neurotransmitter release. Boxed panels indicate effects on non-neuronal cell types.
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downregulation could bring about decreased sensitivity to
glutamate in the basal ganglia downstream of the STN (Henning
et al., 2007). Another study also indicated an increase in
the expression of various trophic factors such as BDNF and
VEGF and the synaptic markers GAP-43, synaptophysin, and
α-synuclein in the fornix following acute DBS. Interestingly,
this change occurred within 2.5 h after the stimulation began,
and returned to baseline levels after 5 h (Gondard et al.,
2015). An A-tDCS study also reported increased mRNA
expression of genes associated with synaptic plasticity such as
BDNF, CREB, Synapsin I, and CaMKII following continuous
stimulation (Kim et al., 2017). In an analysis of a rat model
of electrical modulation therapy in spinal cord stimulation
for the treatment of neuropathic pain, the authors found that
anodal SCS decreased the expression of various glial-specific
genes associated with inflammatory responses and microglial
activation (Itgb2, Cd74, Cd68) and reactive astrocytes (Cxcl16,
Tlr2) (Vallejo et al., 2020; Cedeño et al., 2021). In a study
investigating SCS in a porcine model of ischemia-reperfusion
triggered ventricular arrhythmia as a treatment for sudden
cardiac death, the authors found that cardiac ischemia increased
c-Fos expression in the spinal cord, specifically in microglia and
astrocytes. Furthermore, they found that SCS treatment, which
was effective at reducing cardiac arrhythmia, was accompanied
by a reduction in c-Fos expression specifically in microglia and
astrocytes and an increase in c-Fos expression in inhibitory
interneurons in the deep dorsal laminae of the dorsal horn of
the spinal cord (Howard-Quijano et al., 2021). These studies
suggest that, at least in the spinal cord, electrical stimulation
appears to have an anti-inflammatory and neuroprotective effect
that is mediated by microglia and astrocytes. Further study into
the mechanisms of these effects, as well as the effects of electrical
stimulation on microglia and astrocytes in the cortex, are needed
to fully understand the potential benefits this may have for
devising future therapies.

Conclusion and future directions

Electrical stimulation of the CNS has been impactful not
only on the treatment of neurological disorders, but also in the
exploration of the neural circuitry involved in their pathologies
as well as in the normal functioning of the healthy brain. The
delivery of electrical current to the brain can cause direct or
indirect excitation and inhibition of neuronal firing as well as
induce changes in non-neuronal cell types. This review provides
a survey of common clinically relevant stimulation approaches,
focusing on what is known about their effect on non-neuronal
cells including microglia, astrocytes, oligodendrocytes, and
endothelial cells.

In the past few decades, there has been significant
advancement in the field of electrical stimulation, and many
studies have investigated the efficacy of electrical stimulation

as a treatment for many neurological disorders. Electrical
stimulation is only recently beginning to be fully appreciated
for its applications in medicine. Beyond neurological conditions
clinicians are beginning to explore how it can be applied in
other ways such as potential treatments for cancer and genetic
disorders in the nascent but booming field of bioelectronic
medicine. Additional studies have focused on improving
the stimulation efficiency and durability of implantable
probes as well as the integration of different technologies
into multifunctional probes for recording, stimulation,
electrochemical sensing, and optogenetics. However, there is
still much work to be done on these fronts. There are many
underlying mechanisms governing the responses of many types
of cells in the brain to electrical signals which are only now
beginning to be understood. With further studies, many of these
mechanisms could be harnessed, potentially providing effective
treatments for a host of disorders, neurological and otherwise.
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