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The role of convergent ion channel
pathways in microglial phenotypes: a
systematic review of the implications for
neurological and psychiatric disorders

Laiana A. Quagliato®' and Antonio E. Nardi®'

Abstract

Increases in the activated state of microglia, the main neuroimmune cells, are widely reported in the brains of patients
with neurological and psychiatric disorders. Microglia transform from the resting to the activated state by sensing their
environment, aided by a variety of ion channels. To examine the effect of ion channels on microglial phenotypes, we
conducted a systematic review of immunohistochemical analyses of these neuroimmune cells in animal models
following administration of ion channel antagonists, compared to control conditions. A systematic search of the
PubMed and Web of Science electronic databases using the PRISMA and WHO methodologies for systematic reviews
yielded 15 original peer-reviewed studies. The majority (13 out of 15) of these studies reported a decrease in microglial
activated state after ion signaling pharmacological blockade. The studies provide evidence that acute administration
of ion channel antagonists leads to a reduction in microglial activation in rodent brains in the models for epilepsy,
Parkinson'’s disease, inflammation, pain, ischemia, and brain and spinal cord injury. Future research should explore
microglial-specific druggable targets for neurological and psychiatric disorders. The investigation of acute and chronic
administration of ion channel antagonists in microglial phenotypes in primates and the development of microglia-like

cells derived from human stem cells could be valuable sources in this direction.

Introduction

Microglia, the resident immune cells of the central
nervous system (CNS), can differentiate into distinct
phenotypes, including resting and activated cells'. In vivo
resting microglial cells exhibit a ramified morphology,
characterized by several branched processes arising from
an elongated and flattened cell body. Microglial cells
undergo shape changes following activation, i.e., cells
transform from ramified to ameboid morphology in
response to neuronal injury and during inflammation or
infection'. Activated microglia are capable of prolifera-
tion, migration, and antigen presentation and release a
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variety of substances that can be either neuroprotective or
neurotoxic'.

Evidence indicates that changes in microglial mor-
phology depend on the cells sensing the environment by
repeatedly extending and retracting their processes, but
the factors regulating microglial surveillance are
unknown?®. Microglia interact with their environment
with the aid of a complicated ensemble of transporters
and ion channels®. The latter include purinergic meta-
botropic P2Y receptors and ionotropic P2X receptors, the
transient receptor potential (TRP) channels such as
TRPC6, and the K* channels kir 2.1, KV 1.3 and KCa
3.1"* The variety of channels expressed by microglia
shows complex spatiotemporal patterns according to
changes in the immune cells’ microenvironment, which
may contribute to the different phenotypes expressed by
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microglia®. Furthermore, these various molecules play
different roles in microglial function. For instance, K*
channels such as kir, KV, and KCa act by regulating
microglial membrane potential®. TRP channels are asso-
ciated with microglial activation™’, and the purinergic
receptors P2X and P2Y are related to microglial surveil-
lance and phagocytic activity®. Additionally, all the
channels may maintain the resting potential of microglia
and thus contribute to microglial ramification and con-
tinuous surveillance of the brain via process motility”.

In recent decades, an increasingly compelling body of
evidence has emerged linking microglial activation to
neurological and psychiatric disorders. Broadly, this evi-
dence stems from the observations that microglial sur-
veillance plays an important role in monitoring synaptic
function and determining brain connectivity”'’. During
postnatal development, synapses that are to be pruned
become tagged with complement molecules and are thus
removed by microglia''. Disruption of this system may
lead to altered CNS connectivity, generating excess exci-
tatory synapses that may be involved in the pathogenesis
of various disorders, such as epilepsy'”> and autism'?,
Furthermore, microglial cells release different molecules
that are potentially implicated in an excitatory-inhibitory
imbalance, which may also contribute to the pathogenesis
of psychiatric and neurological disorders'*. Based on the
above, we review the evidence of current preclinical lit-
erature on ion signaling in microglial phenotypes, pro-
viding evidence for the role of ion channels in microglial
state and identifying gaps in the literature to inform future
research.

Our primary outcome

* Does ion channel pharmacological blockade modify
microglial phenotype?

Our secondary outcomes

* How does interaction between microglial ion
channels occur?

* Can ion signaling contribute to the development of
neurological and psychiatric disorders?

Materials and methods

The systematic search was conducted in PubMed and
Web of Science, covering articles published up to 31
December 2017. The search protocol was developed based
on Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) and World Health Organiza-
tion (WHO) Review Protocol Template Guidelines where
applicable for this systematic review, as provided in
Supplementary Materials Section 1. We also manually
checked references cited in the systematically searched
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articles. To avoid publication bias, non-english language
studies and gray literature (for example, conference
abstracts) were included. A broad but highly structured
search strategy was used, based on the PICOS framework.
The study population was microglia, the intervention/
exposure was ionic channel antagonism, comparison was
with absence of ion channel blockade, outcome was
resting versus activated microglia, and study design
included any type of design. Keywords for the search
included various combinations of terms for microglia and
the nervous system, including both historical and con-
temporary ion channel names. A full list of terms used for
the search strategy can be found in Supplementary
Materials Section 2.

Study selection

Studies were selected for data extraction and analysis
based on the following inclusion criteria: (1) ion channel
antagonists administered in vivo and (2) studies evaluat-
ing microglial activated or resting state. Exclusion criteria
were (1) studies that lacked a baseline condition or con-
trol group, (2) studies that did not report original data, (3)
studies without immunohistochemical analysis of micro-
glia, (4) studies evaluating genetic ionic channel defi-
ciencies, (5) studies that investigated only in vitro ion
channel blockade. Due to the highly reactive nature of
microglia, which substantially alters their morphology and
functional properties when exposed to culture condi-
tions'®, in vitro studies should be interpreted with
caution.

Data extraction

A standard data extraction template adapted from the
Cochrane checklist of items (Supplementary Materials
Section 3) was used. As the type of outcome reporting was
extremely heterogeneous, results were reported as higher,
lower, or unchanged for ion channel antagonism relative
to control conditions as identified. Meta-analyses and
other summary statistics were not used because of the
wide variation between studies in assessment techniques
and brain regions examined.

Quality assessment

This systematic review was performed according to
preferred reporting items for systematic reviews and
meta-analyses (PRISMA) guidelines'® (Supplementary
Materials Section 4). Quality assessment used SYRCLES
Bias Tool'” (Supplementary Materials Section 5).

Results

The literature search identified 6362 potentially relevant
articles for initial screening. Duplicates (N = 1475) were
identified using a function in Endnote and confirmed by
manual screening of the titles. A total of 4605 studies were
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excluded from initial assessment of titles and abstracts. In
all, 282 abstracts were classified for possible inclusion, and
their full texts were obtained. In all, 267 papers were
excluded from further analysis. In all, 282 full texts were
reviewed, of which 15 met the inclusion criteria for our
systematic review (see Fig. 1 for a PRISMA diagram of the
literature search). Table 1 summarizes the included stu-
dies. Additional data regarding the included studies can
be found in Supplementary Materials Section 6. Reasons
for the exclusion of studies can be found in Supplemen-
tary Material Section 7.

Microglial ion channel antagonists in epilepsy animal
models

Three studies assessed the effect of ion signaling
blockade on microglial phenotypes in animal models for
epilepsy. Two studies evaluated P2X7'®'?, while only one
investigated TRPC6°°. These studies were performed on
the hippocampus of corialactone and pilocarpine seizure

models and showed an increase in microglial channels
after induction of status epilepticus. Furthermore, all of
the studies demonstrated that P2X7 and TRPC6 antag-
onism were related to a decrease in microglial activated
state.

Microglial ion channel antagonists in ischemic animal
models

The majority of studies (4 out of 6) on ischemic models
associated a decrease in microglial activation with pur-
inergic channel blockade. Of these, three evaluated P2X7
channels*'~**, and two of the three demonstrated a reduc-
tion in microglial activation®"**, Although the investigation
of reactive blue 2 (RB2) in P2X7 blockade showed an
increase in reactive microglia, a protective effect against the
severity of post ischemic neurological impairment was seen
in RB2-treated rats®. Studies evaluating P2X4 and P2Y12
antagonists also demonstrated a reduction in the activated
state of CNS-resident immune cells***°,
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Box 1 Suggested future research directions

1. Further studies on primates to determine the
effect of acute and chronic administration of ion
channel antagonists on microglial function.

2. Studies comparing males and females to
investigate potential gender differences.

3. Studies needed to investigate whether there are
strain differences.

4. Studies to investigate the effect of acute and
chronic ion channel blockade on neuronal firing
and how it relates to measures of
neurotransmitter release and synthesis capacity.

5. Studies to investigate correlations between
microglial channels and different brain regions at
different time points.

6. Studies to investigate correlations between
microglial ion channel modulation by different
types of drugs, such as antipsychotics, anti-
epileptics, and antidepressants.

7. Development of microglia-like cells derived from
human stem cells.

survival was also demonstrated by estrogenic blockade of
kir 2.1. Estrogen incremented anti-apoptotic genes and
pro-survival PI3K-Akt signaling®>.

Discussion

Our review shows that pharmacological blockade of
ionic signaling in microglia in preclinical models for
epilepsy, ischemia, Parkinson, pain, TBI, SCI, and
inflammation modify microglial phenotypes when com-
pared to controls, thereby decreasing microglial activa-
tion. There is evidence of reduced microglial activation
following blockade of purinergic channels, such as P2X7,
P2X4, and P2Y12'%19242527-31 "gpecifically, the majority
(8 out of 9) of studies investigating P2X7 channels in
preclinical models for epilepsy, ischemia, TBI, SCI, Par-
kinson, pain, and inflammation demonstrated a decrease
in microglial activated state'®'*?"?>27283031  However,
there was an increase in microglial activation in an
ischemic animal model following P2X7 blockade®*. Var-
iations between studies in the range of doses of ion
channel antagonists and the time elapsed from the last
drug treatment to microglial evaluation may explain the
differences between studies. All the P2X4 and
P2Y12 studies showed a decline in immune cell activation
after blockade of these channels (3 out of 3 studies)***>%.

Studies with animal models for epilepsy and Parkinson’s
disease showed a reduction in microglial activated state
after TRPC6 and kir 2.1 blockade?®32. However, in an
ischemic animal model, K*-channel antagonism with
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glibenclamide showed no differences in microglial state®.
This variety in the results may occur since glibenclamide
does not reach significant concentrations in the brain
unless the plasma concentration is extremely high®*. The
drug binds to plasma proteins, which impairs its entry
into the brain, as plasma proteins are unable to cross the
blood-brain  barrier®.  Additionally, glibenclamide
appears to be removed from the brain rapidly by a highly
efficient efflux system when injected directly into the
CNS*.

Taken together, these findings indicate that ion channel
blockade elicits a significant decrease in microglial acti-
vated state in preclinical models for epilepsy, ischemia,
TBI, SCI, inflammation, Parkinson, and pain. Never-
theless, further in vivo studies are needed to determine
the effects of ion channel antagonists on microglial
function (see Box 1 for suggested future directions).

General methodological considerations

Importantly, despite substantial evidence that microglial
dysfunction is part of the core pathology of many neu-
rological and psychiatric disorders, evidence remains
limited for a direct causal link between a specific and
druggable target in microglial cells and a specific disease.
Under physiological conditions, microglia reside in the
brain parenchyma, so a drug targeting microglia needs to
be able to enter the CNS™3*, In recent years, various ion
channel antagonists have been developed as potential
drugs. However, most of these compounds were not
designed to enter the CNS and would therefore lack the
properties to be effective in CNS disorders mediated by
microglial channels®.

Additionally, microglial cells are highly plastic. There-
fore, it is not always clear whether the molecule targeted
by a drug is indeed expressed by the microglia®*. For
example, various P2 receptors have been suggested as
drug targets in microglia. However, the expression pattern
of P2 receptors strongly depends on the cell phenotype®.
For example, microglia may lose P2Y12 receptors in the
disease state, whereas P2X4 and P2X7 expression is often
increased in microglia in disease®>’. Thus, the spatial-
temporal effect of microglial channel antagonists still
needs to be tested directly (Box 1).

General limitations of the selected studies were that the
strain- and sex-specific effects of acute and repeated ion
channel blockade on microglial function have still not
been tested directly (Box 1). There is evidence for sexual
dimorphism in microglial function and a sex bias in CNS
disorders with microglial pathology®’.

In an attempt to produce more homogeneous outcomes
and better understand how pharmacological blockade of
microglial ion channels alters microglial state, our search
strategy only included studies that evaluated microglia in
the activated state (ameboid morphology) or resting state
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(ramified morphology) as evidenced by microglial
immunohistochemical analysis. Moreover, studies that
evaluated only in vitro ion channel blockade were also
excluded. This is justified due to the highly reactive nature
of microglia, which substantially alters their morphology
and functional properties when exposed to culture con-
ditions'”. The two restrictions significantly reduced the
number of studies included in this review.

Our review also included different types of microglial
ion channels. Although we found that ion channel
blockade was associated with a decrease in microglial
activated state in 13 of 15 studies, caution is necessary
when interpreting this result. Importantly, microglia have
different types of ion channels that play a variety of roles’.
It is thus plausible that some ion channel antagonists
decrease microglial function while others increase it. Our
search criteria yielded studies showing that P2X7, P2X4,
P2Y12, kir 2.1, and TRPC6 blockade were related to a
decrease in microglial activated state. However, future
studies should be performed on different types of ion
channels and their association with microglial pheno-
types. Furthermore, although our review demonstrated
that ionic signaling blockade decreases microglial activa-
tion, the majority of studies were conducted in rodent
models. Thus, extrapolation of microglial ion channel
modulation to primates should be treated with caution,
and further studies are needed (Box 1).

Hypothesis on the effects of ion channel antagonists on
microglial function

The underlying mechanism of ion channel action in
microglia remains to be fully established. However, sev-
eral lines of evidence indicate that the mechanism
involves Ca™ signaling®®~*°. Microglial activation occurs
via a cascade of extracellular and intracellular signaling
events beginning with cell surface receptor and ligand-
gated ion channel activation followed by short-term and
long-term changes in intracellular Ca*?*°. These Ca'?
signals can cause release of other factors in autocrine-
paracrine feedback loops and are necessary for various
subsequent cellular responses in microglia®>*° (Fig. 2).

Microglia contain at least two types of intracellular Ca™>
stores: the mitochondria and the endoplasmic reticulum
(ER)'. The main pathway for generation of intracellular
Ca™ signaling is associated with inositol 1,4,5-trispho-
sphate (InsP3) receptors on the ER membrane"*’. Sti-
mulation of G protein-coupled metabotropic receptors
results in the activation of phospholipase C (PLC), pro-
duction of two secondary messengers, including dia-
cylglycerol and InsP3, and Ca™? release from the ER'.
Importantly, ER depletion activates store-operated Ca*>
entry (SOCE), known as a capacitive Ca™? influx, medi-
ated by plasmalemmal channels such as calcium release-
activated Ca™ (CRAC) channels and/or transient
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receptor potential (TRP) channels'. In addition, STIMI,
one of the ER membrane proteins, senses the filling state
of ER Ca™ and delivers the ER to the plasma membrane,
where it directly activates Orail/CRAC channels, thereby
facilitating the reuptake of Ca® to ER through the
endoplasmic reticulum Ca'?-ATPases (SERCA). Ca'?
concentration in the ER is precisely controlled by
SERCA'. The influx of Ca™ through ion channels plays
an important role in many inflammatory processes,
including microglial activation®’.

In response to an injury, various extracellular signals
may activate microglia and upregulate ion channels. For
instance, proinflammatory cytokines upregulate kir,
TRPC6, and KCa expression, which may cause hyperpo-
larization of microglial cells*. Additionally, not only
cytokines but also ATP can cause an increase in pur-
inergic receptors, which are highly Ca™ permeable’. A
significant Ca™? influx and the downstream activation of
Ca"2-dependent intracellular pathways, among which the
phosphorylation of p38 MAP kinase or the activation of
the PI3K/Akt pathway, are directly involved in microglial
functions such as synthesis and release of BDNF and
chemotactic responsesl.

Under pathological conditions, one of the first activ-
ities at the injury site is ATP release, activating micro-
glia*®. ATP binds to P2X7, a “sensor of danger”, driving
resting microglial cells into the activated form, forming
large pores and allowing Ca™? entry*®. Ca™? entry is also
increased by the inward rectifier K currents (ikir), an
early marker for activated microglia4. Furthermore,
extracellular ATP induces membrane ruffling and
microglial chemotaxis mediated by the Gi/o protein-
coupled P2Y12 receptor’. P2Y12 receptor-mediated
activation of the PI3K pathway and increased Akt
phosphorylation are required for microglial chemotaxis
in response to ATP".

Microglia exert phagocytic activity at the site of injury.
Microglial phagocytosis can initiate respiratory burst, a
key function of activated microglia that produces toxic
reactive oxygen species*”. The K*-channels are involved
in controlling microglial respiratory burst*?, whereas
P2X7 channels are associated with NADPH-oxidase and
consequently with oxidative stress'. Phagocytic activity of
microglial cells is felt to be involved in synapse removal
during development and potentially in pruning synapses
in the postnatal brain, which is associated with different
psychiatric and neurological disorders”'. Microglial
phagocytosis is intimately associated with cytokine mod-
ulation and may contribute to synaptic plasticity®.

Microglial action on synaptic plasticity

Microglia may regulate synaptic plasticity by modulat-
ing Cl” gradient in neurons through microglial BDNF
release and purinergic signaling®*. The purinergic
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receptors P2X7, P2Y12, and P2X4 are related to p38 MAP
kinase, which is directly involved in BDNF synthesis and
release®”. BDNF release occurs through Ca'?*-regulated
exocytosis, and regulation of BDNF synthesis involves the
p38-MAPK signaling pathway®®. BDNF rapidly down-
regulates K- Cl~ cotransporter 2 (KCC2) through
receptor tyrosine kinase B (TrkB)**. KCC2 activity
maintains a low intracellular CI~ concentration, a pre-
requisite for effective GABA/Gly-mediated inhibition in
the nervous system®. Thus, since microglial BDNE
release decreases KCC2 activity, there is a deficiency in
the inhibition of synapses, increasing neuronal hyper-
excitability. However, microglial channels could also be
linked to neuronal hyperexcitability in a different way:
BDNF secreted following stimulation of microglial pur-
inergic receptors may induce phosphorylation of
NR1 subunit of NMDA neuronal receptors. This may
contribute to neuronal hyperexcitability*®.

Implications for neurological and psychiatric disorders

Microglial activation is related to a variety of neurolo-
gical and psychiatric disorders*’. This activated state is
related to an excitatory-inhibitory imbalance, generating
oxidative stress®’, modifying BDNF release®, and chan-
ging molecular signaling®>>®, Additionally, in the brain,
Cl™ homeostasis and the reduction of KCC2 activity has
been associated with several neurological and psychiatric
disorders, such as epilepsy, neuropathic pain, autism
spectrum disorders, affective disorders, and schizo-
phrenia®*~’, Several lines of evidence accumulated dur-
ing the last decade have indeed demonstrated that the
increase in excitability in these pathological conditions
can be largely explained by a loss of inhibition, and KCC2
has been recognized as an important molecular target
underlying this loss®>>°,

It is thus plausible that Ca™? entry through microglial
ion channels may activate microglia and influence MAPK
and AKT pathways. This could alter microglial phagocy-
tosis functions, modify BDNF release, and increase neu-
ronal hyperexcitability through KCC2 inhibition,
contributing to the pathogenesis of mental disorders.
Furthermore, first-line treatments for neurological and
psychiatric disorders have potential inhibitory effects on
microglia. To name a few, antipsychotics such as halo-
peridol, risperidone, olanzapine, clozapine, and chlor-
promazine inhibit microglial proton currents, suppressing
reactive oxygen production, acting as anti-inflammatory
modulators®®, Proton currents are also inhibited by the
SSRIs paroxetine and sertraline, for example, attenuating
the mobilization of intracellular Ca™? *°, Aripiprazole also
downregulates microglial Ca*? signaling®, while carba-
mazepine suppresses microglial activation via p38-MAPK.
Additionally, these drugs interfere with neuro-
transmitters, such as dopamine, serotonin, acetylcholine,
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and norepinephrine. This could contribute to further
alterations in microglial phenotypes. Norepinephrine
inhibits microglial inflammatory reactions through acti-
vation of cyclic AMP and suppression of downstream
MAPK®. Dopamine and serotonin could interfere with
microglial chemotaxis, and acetylcholine may alter Ca™?
signaling®. These effects could additionally contribute to
a decrease in microglial activated state in neurological and
psychiatric disorders.

Calcium-channel blockers might also contribute to a
decrease in microglial activated state®"®% providing
potential utility in the treatment of neurological and
psychiatric  disorders®®*=®°, In fact, calcium-channel
blockers have been used successfully to treat absence
seizures®’, and are emerging as potential therapeutic
targets for pathologies, such as Parkinson disease, pain,
mood disorders, and anxiety®®. For instance, centrally
acting calcium-channel blockers targeting Ca>" channels
of dopaminergic neurons might decrease risk of Parkin-
son disease®®, the calcium-channel blocker isradipine
could be efficacious for bipolar disorder®®, and the drug
nifedipine might have an antiepileptic effect®’. Never-
theless, clinical trials with calcium-channel blockers in
neurological and psychiatric disorders present incon-
sistent results®*. One possible reason for this is the
pharmacokinetic variability among different calcium-
channel blockers®®, Dihydripyridines, such as isradipine,
have more favorable brain—blood barrier penetration and
binding to calcium-channel compared to other calcium-
channel blockers, such as diltiazem and verapamil®®,
Therefore, although there is evidence supporting the
utility of calcium channel blockers in a variety of psy-
chiatric and neurological disorders, what remains to be
understood is how to develop new types of calcium
channel inhibitors that specifically target calcium chan-
nels that are involved in pathophysiological processes,
while sparing those that contribute to normal physiolo-
gical function®. This requires an extensively under-
standing of how calcium channels participate in the
function of specific brain circuits that are implicated in
pathophysiology and how these channels may be dysre-
gulated in pathological states®®. This represents an enor-
mous challenge in finding compounds that effectively
cross the blood—brain barrier, have high affinity and target
selectivity®®.

Clinical trials with drugs targeting-specific ion channels
are currently underway. Some P2X7 receptor antagonists
have been developed as potential drugs. For example,
AZD9056% and CE-224,535"° have been tested in clinical
trials in rheumatoid arthritis, while GSK1482160”" was
developed to target peripheral pain. These compounds
were not designed to enter the CNS and would therefore
most likely lack the properties to be effective in nervous
system disorders that could be associated with microglial
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channels. Nevertheless, as our understanding of the role
of ion channels on microglia in human diseases grows, the
development of therapeutics targeting-specific microglial
molecules will probably occur. However, some challenges
remain for the development of microglial channel
antagonists for use in humans, such as target specificity,
CNS penetrance, and differences between animal and
human microglia. New research strategies such as the
development of microglia-like cells derived from human
stem cells might help overcome the current limitations
(Box 1).

Conclusion

The administration of ion channel antagonists leads to a
decrease in microglial activation in different preclinical
models. These findings suggest that ion channels have
convergent pathways that potentially contribute to dif-
ferentiation of microglial phenotypes and functions,
which could be altered in a variety of neurological and
psychiatric disorders. Further studies are required to
explore whether the same antagonists’ effects are seen in
primate brain microglia and to investigate-specific drug-
gable targets in microglial cells.
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